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Abstract 
This honors thesis extends five years of research by undergraduate geology students at the 
College of William and Mary, evaluating the performance of wet detention ponds in James City 
County, Virginia.  In this study, field measured peak inflows, peak outflows, centroid lag times, 
and runoff constants from two ponds were compared to design predictions and state and local 
regulations. HydroCAD models of each site were utilized to explore design elements providing 
uncertainty in predictions of pond inflows and outflows.  Modeling results were used to interpret 
field performance data from this study and provide recommendations for design improvement.  
 
Mulberry Place pond, designed using the rational runoff method, did not exhibit peak inflows, 
outflows, centroid lag times, or runoff coefficients consistent with design predictions.  This pond 
also likely fails to reduce peak outflows of the 2 yr, 24 hr storm to pre-development values (state 
standard MS-19).  Longhill Grove pond, designed with the SCS TR-55 method, did not perform 
in the field as designed with respect to peak outflows and centroid lag times. Both ponds failed to 
meet the local James City County standard requiring retention of the 1yr, 24 hr storm for 24 
hours.    
 
Field performance problems at each site resulted from three major design issues:  1) uncertainty 
in predicted and actual curve numbers and runoff coefficients, creating large differences between 
predicted and actual inflows and even larger differences between prediction and actual outflows; 
2) a simplified “kerplunk” method for calculating 24 hour drawdown and orifice sizing, creating 
ponds that typically retain water for less than 12 hours; 3) pond volumes 2x and 2.5x smaller 
than needed to adequately reduce the effect of the first two design problems. 
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Introduction 
Urbanization and Watersheds 
 As early as Luna B. Leopold’s seminal 1968 guidebook, Hydrology for Urban Land 
Planning, scientists and urban planning professionals have realized the significant hydrologic 
changes that occur as watersheds develop.  From a water chemistry perspective, suspended 
sediment and point and non-point pollution from residential and industrial sources change 
nutrient loads and water quality downstream.  In terms of water quantity, impervious surfaces 
and deforestation increase surface runoff and peak discharge, while channeling structures such as 
downspouts and gutters decrease the lag time between storm events and stream flows (Figure 1).   
Runoff changes in the headwaters of watersheds significantly affect downstream areas.  
For example, increased discharge from urbanization incises stream channels (Hammer, 1972, 
Hollis, 1975, Schilling, 2004, Groffman, 2002, Groffman 2003, Doll, 2002).  These down-cut 
streams create lower water-table zones in their associated floodplains (Burt et al, 2001, Schilling, 
2004, Groffman, 2002, Groffman, 2003).  Water table lowering negatively impacts wetland 
species and nutrient filtering processes in sensitive riparian zones (Groffman, 2003, Schilling, 
2003, Pellerin et al, 2004).   
Schilling et al. (2003) documented an area of at least 30 meters around their Walnut 
Creek, Iowa, study site impacted by such water table lowering.  Within this impacted buffer 
zone, researchers discovered that restoring many species of native wetland flora would be 
impossible without raising the water table in the area.  Other studies suggest that unsaturated 
riparian soils associated with low water tables inhibit organic and inorganic chemical processes 
naturally reducing nitrate and phosphate concentrations in groundwater, resulting in riparian 
zones that fail to reduce or even add nitrate to streams (Groffman et al, 2003, Pellerin et al, 
2004). 
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Post-urbanization channel erosion also adds additional suspended sediment to already 
elevated suspended sediment concentrations from urban surface runoff (Hollis, 1975, Groffman 
et al, 2003, Pellerin et al, 2004, Schilling et al, 2004).  Sediment in streams and rivers provides a 
primary mechanism for many types of pollution and nutrient transport (Johnston et al., 1984; 
White and Tittlebaum, 1985; Phillips, 1989; Puckett et al., 1993; Crain, 2006; Hupp 2000).  For 
example, nitrogen and phosphorous—contributed from various processes and fertilizers 
associated with agriculture, industry, and residential areas—adsorb onto suspended sediments 
and are transported downstream in this form.  Various pesticides and trace elements also travel 
by this mechanism (White and Tittlebaum, 1985; Johnston, 1984; Crain, 2006; Hupp 2000).  
Elevated nutrient loads resulting from point and non-point source pollution, increased 
pollutant transport surfaces, and decreased pollutant removal in riparian zones are particularly 
noticeable in the sensitive ecosystem of the Chesapeake Bay (Boesch et al., 2001, Nixon et al., 
1986; de Jonge et al., 1995).  In localized areas of the Bay and its tributaries, increased 
phytoplankton and aquatic plants associated with anthropogenic nutrient loading is well 
documented (Boesch e al., 2001, Davidson et al., 1997, Joworksi, 1990).  Decomposition of 
these species by various microbes increases the consumption of oxygen the Chesapeake Bay, 
creating hypoxic and anoxic conditions in many areas (Boesch et al. 2001, Diaz and Rosenberg, 
1995; Boesch and Brinsfield, 2000).   
More widespread increases in eutrophication have occurred during the last several 
centuries of population increase and urbanization in Virginia.  For example, dated sediment cores 
reveal evidence of organic enrichment in the Chesapeake Bay as far back as -200 years ago 
(Boesch et al., 2001; Cooper and Brush, 1991; Kemp et al., 2005).  Phytoplankton and decreased 
water clarity began by ~100 years ago (Kemp et al., 2005).  Hypoxia and other signs of 
eutrophication—such as increased phytoplankton biomass, loss of seagrass, and decreased water 
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clarity—increased even more significantly between the 1950s and 1980s (Boesch et al, 2001, 
Boynton, 1998).  During this time, inorganic fertilizer use nearly tripled (Boesch et al, 2001, 
Cornwell et al., 1996) and human population in the Chesapeake Bay watershed nearly doubled 
(Boesch et al, 2001, Davidson et al., 1997).  Though still a topic of significant debate, many 
studies have suggested that oxygen-depleted waters associated with eutrophication have changed 
trophic systems, production, and composition of fish and invertebrate communities in the Bay 
(Kemp et al., 2005; Boesch et al., 2001, Malone et al., 1993).  Since the Chesapeake Bay is both 
a major commercial fishery and treasured natural landscape for vacationers, eutrophication and 
associated habitat changes have significant economic implications for the state. 
Best Management Practices  
In response to the negative impacts of urbanization on systems like the Chesapeake Bay, 
national regulations mandated the adoption of laws regulating the hydrologic impacts of land-use 
in many states, counties, and municipalities. Locally, James City County—the research site for 
this study—is a designated Chesapeake Bay Preservation Area.  This means that new 
developments with greater than 10% impervious cover or residential subdivisions with more than 
one-half dwelling unit per acre must install structural Best Management Practices to mitigate 
surface runoff (Code JCC, 2008b).  Eligible structural best management practices range from wet 
detention ponds to wetlands to dry detention areas and filtration processes.  These structures 
must create 24 hour centroid lag detention of runoff from the 1 year, 24 hour storm (Code JCC, 
2008a, JCC Guidelines, 1999).  The 1 year, 24 hour storm refers to a storm that produces an 
average rainfall intensity over twenty four hours that is equaled or exceeded on average once 
every year.  Centroid lag time is the time between the center of mass of inflows and the center of 
mass of outflows (Figure 2).  This is a stricter requirement than statewide regulation.  MS-19 
from Virginia Erosion and Sediment Control requires that best management practices return 
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post-development peak discharge from the 2 year, 24 hour storm to predevelopment conditions 
for the same-size storm event (Code JCC, 2008a).   
In the last several decades, retention ponds have emerged throughout the United States as 
a primary mechanism for controlling the quantity, temporal distribution and quality of runoff 
from recently urbanized areas (McCuen, 1979, EPA, 1999).  In James City County, wet and dry 
detention ponds comprise over 80% of structural best management practices (Capiella et al, 
2002). Wet detention ponds are thought to provide more benefits than dry ponds, as well as more 
than other best management practices (EPA, 1999).  These facilities consist of a pool of water 
into which runoff is directed and stored for a short time before it enters local waterways.  Ideally, 
sedimentation and biological uptake within wet detention pond removes particulates, organic 
matter, nutrients, and dissolved metals from the water column (EPA, 1999).  As this runoff is 
displaced from the pond, a series of different sized outflow pipes controls the level of peak 
discharge from a range of different storm sizes and temporally distributes this discharge.  Figure 
3 provides a generally schematic of a typical wet detention pond.   
Wet Detention Pond Design 
The Virginia Stormwater Management Handbook, along with the regulatory system it 
compliments, specifies a framework for designing a variety of basins that control water quantity 
and may enhance water quality.  In this methodology, the relationship between inflow, storage 
volume and outflow dictates the size of the pond and outflow structures.  Within this guide, 
specific parameters such as design storm return frequency and allowable discharge rates are not 
specified.  Local regulatory authorities, such as James City County, must follow state regulations 
such as MS-19 as a minimum, yet they may also set stricter and site-specific values for many of 
these design parameters (VSMH, 1999). 
 The most critical step of the design process is the creation of hypothetical pre-
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development and post-development watershed hydrographs for various sized storms.  These 
hydrographs are used to predict the water entering a detention facility.  Pond volumes and 
outflow structures are designed to convert these pond inflows into the outflows required by 
regulation. Routings are used in an iterative trial-and-error fashion to size the volume and 
outflow structures of the facility.  The format and detail of these routings are prompted by what 
regulations the facility designers seek to fulfill.  The routing methods commonly specified by 
local regulators are peak discharge estimates or a runoff hydrograph (VSMH, 1999).   
 Hydrologic textbooks and methods such as the VSMH generally suggest designing 
inflow hydrographs based on two widely used systems:  the Soil Conservation Service (now the 
National Resource Conservation Service) TR-20 and simplified TR-55, or the rational runoff 
method.   Both of these systems center around quasi-empirical equations suggesting the amount 
and character of surface runoff expected from various land-covers and soil types in an idealized 
storm.  The idealized storm hydrograph and the specific value to classification systems differ 
between the two methods.  
Rational Runoff Method 
The rational runoff method is the simplest design inflow method used today, primarily 
developed to estimate the peak discharge from a watershed. The general formula for the rational 
method is as follows: 
 Q=CIA  eq.1 
In this equation, Q is the maximum rate of runoff from a given storm, in cubic feet per second.  
C is a dimensionless runoff coefficient, dependent on land use.  A is the area of the watershed.  I 
is the design rainfall intensity, in inches per hour, obtained from a regional Intensity Duration 
Frequency curve using both a storm return period and a duration equal to the time of 
concentration of the watershed (Figure 4). This time of concentration is specifically defined as 
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the time for runoff to travel to the outlet from the most distant point in the watershed (VSMH 4-
4.1.1, 1999; Dingman, 2002; McCuen, 1989). To achieve a storm hydrograph from this peak 
discharge, the rising limb of the storm hydrograph rises linearly from zero discharge to the peak 
discharge, which is assumed to occur at the time of concentration.  The falling limb of this 
hydrograph is specified relative to the rising limb slope.  Because of the model’s simplicity, an 
inflow hydrograph generated by the rational method typically has a simple triangular shape 
(Figure 5). 
 Rainfall intensity and duration values are area-specific and determined from consulting 
an intensity-duration-frequency curve.  These curves are generated from average historical 
rainfall data, often distributed and updated regularly through sources like the National Oceanic 
and Atmospheric Administration (NOAA).   Generally, the rainfall intensity and duration are 
selected from an IDF curve based on a selected return period.  Some common return periods 
modeled are one year, two year, ten year, and hundred year storms.  
The runoff coefficient, C, is the weighted average of C values from each land use type 
present in a watershed (Dingman, 2002; VSMH, 1999; McCuen, 1989). It is generally calculated 
from a table of a values listing land use type and a fraction suggesting what percentage of rainfall 
contributes to runoff.  A variety of tables used around the country oriented towards different 
broad land use categories, such as agricultural land, suburban development, and urban 
development (Figure 4, Appendix II). 
The runoff equation makes several important assumptions.  First of all, the model 
assumes steady rainfall and a maximum discharge that will therefore occur when the entire area 
above the outlet is contributing runoff.  Secondly, the model assumes that the time of 
concentration is equal to the minimum duration of peak rainfall—ignoring a number of factors 
that are present in a real watershed, such as soil saturation.  Third, the model assumes that the 
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return period of rainfall intensity is the same as the return period of watershed discharge.  Fourth, 
the fraction of rainfall that becomes runoff does not vary between rainfalls of different intensities 
and volumes (VSWMH 4-4.1.1, 1999) 
To make this equation more accurate, empirical coefficients have been developed that 
include additional information such as soil type and average land slope.  An additional frequency 
factor, Cf, can be added to the general discharge equation to help account for some characteristic 
differences between the runoff of high-discharge, infrequent storms like ten- and hundred-year 
storms.  This and many other adjustments have been proposed to make the system more accurate 
(VSMH 4-4.1.3, 1999).  However, because of the nature of these coefficients and the 
assumptions behind the model, the rational method is only recommended for watershed with a 
time of concentration less than 20 minutes and a drainage area less than 20 acres. 
SCS TR-20 and TR-55 
 The two most widely used tools today for generating watershed hydrographs for BMP 
projects are the SCS TR-20 and TR-55 methods (Dingman, 2002).  These techniques require the 
same basic information as the rational method—watershed size, time of concentration, land use 
and rainfall intensity.  Additionally, though, the method approximates the time distribution of 
natural rainfall, initial rainfall losses due to storage on the landscape in pools and puddles, and 
the moisture content of soils before the storm.  Because of so many variables, the computations 
for TR-20 (the full method) are complex and generally calculated with an SCS computer model. 
However, the TR-55, a simplified version of the method intended for use with graphical 
and hand calculation, provides insight into the workings of the model.  There are two basic 
computations in the TR-55 and TR-20 system:  1) effective rainfall (Weff, ) equivalent to the 
amount of rainfall contributing to runoff during a storm event and 2) estimation of the peak 
discharge and generation of a synthetic hydrograph (Figure 6). 
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 In TR-55, the effective rainfall for an event is calculated with the following equation, 
 Weff =
(P − Ia)2
(P − Ia) + S  eq. 4 
where Weff  is the effective rainfall (inches), Ia is an initial abstraction accounting for the storage 
that must be satisfied before runoff can begin (this abstraction is a simplification of the TR-20 
calculations), S is maximum retention capacity of the watershed, and P is the total rainfall 
(inches). The S is derived from a system of Curve Numbers (CN) comparable to the rational 
runoff coefficient, C (Dingman, 2002): 
 S = 1000
CN
−10 eq. 5 
The curve numbers in the SCS system (Appendix I) assign values based on 1) land use or cover 
2) hydrologic condition, 3) antecedent moisture, and 4) hydrologic condition—poor, fair, or good 
(Dingman, 2002).  
Once the effective rainfall is determined, the SCS methods allows for the calculation of 
the peak discharge using a specially derived equation or the generation of a full hydrograph.  
Central to this hydrograph is a dimensionless rainfall distribution curve developed for a region to 
describe the shape of a natural storm (Figure 6).  An “x”-hour unit hydrograph is a discharge 
distribution giving the characteristic response of a given watershed to a unit volume (1 inch or 1 
cm) of effective rainfall applied at a constant rate for x hours (Dingman, 2002).  Unit 
hydrographs are either constructed from averaged field data or synthesized using various 
approaches. 
The major limitations of the SCS system result, like the rational method, from the 
assumptions inherent in the model.  For example, the initial abstraction and the maximum 
retention of the watershed are each functions of the curve number and developed from data on 
agricultural watersheds.  The model also does not consider subsurface flow, high groundwater, 
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snowmelt, or frozen ground.  Times of concentration are generated using Manning’s equation, 
which contains additional subjectivity and coefficients.  For example, the Manning’s equation 
also relies on an empirical constant “n,” characterizing channel conductance/resistance.  This 
value is typically estimated from visual evaluation of surfaces and consultation of recommended 
n value charts (Dingman, 2002).  
Finally, the minimum time of concentration used in TR-55 is 0.1 hour, so smaller 
watersheds with times of concentration below this value are not accurately modeled. 
Pond and Orifice Sizing 
 After engineers have established a design inflow using methods such as the Rational and 
TR-55 methods, they design a pond based on the intended function of the project.  There are 
several methods for accomplishing this goal, but the VSMH describes how to design ponds to 
meet discharge requirements, peak flow requirements, and water cleanup requirements.  As 
mentioned previously, in James City County, development requirements mandating pond 
construction include 24-hour retention of the 1 year, 24 hour and reducing peak discharge of the 
2-year storm to predevelopment conditions.  Additionally, engineers typically design ponds to 
meet water quality requirements.   
In the standard design process, engineers first create an initial pond volume large enough 
to hold water from the design inflow while roughly achieving required outflows quantity.  From 
this initial pond volume, pond contours are created in consultation with site requirements. Finally 
outflows are designated in plan and parameters are adjusted until the design efficiently meets 
economic and regulatory objectives.  
Rough initial storage volumes are calculated based on a method derived from the 
relationship ∆S
∆t
= I − O , where ∆S
∆t
 is change in storage through time, I is estimated post 
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development discharge and O is the required outflow.   Typically this method considers the point 
in time when maximum inflow occurs for a particular storm event and determines the maximum 
volume required to hold this volume and release it at the required rate. Pond contours are 
established based on this rough estimate within the context of the site.   
Based on the storage per elevation in this hypothetical volume, a multi-part outlet 
structure and emergency spillway is created to regulate the timing or peak discharge of flows, 
based on the general equations for flow through an orifice and/or a weir.  The orifice flow 
equation is generally assumed to completely govern the small primary outflow pipes common in 
wet detention ponds; the equation and a derivation used for pipe sizing are given below.  
 Q = Ca 2gh  eq. 6 
 a =
Q
C 2gh
 eq. 7 
In this equation, Q is discharge, in cubic feet per second; C is a dimensionless roughness 
coefficient equal to 0.6 in most cases; a is the area of the orifice in ft 2; g  is gravity, and h is 
head. For extended detention ponds, the rearranged orifice equation (eq.7), Q typically uses an 
average value representing the design storms outflow distributed over 24 hours. For standpipes, 
an additional equation for weir flow is typically used to model flow over the lip of the standpipe 
at low heads.   
 Qw = CwL * h1.5 eq. 8 
 L = Q10allowable Cwh1.5
 eq. 9 
 Once rough pond and outlet sizes have been established, the last step in the design 
process is a series of iterative routings, either by hand or—more popular in recent years—using 
computer models such as SCS TR-20 or HydroCAD. These routings are useful for fine-tuning 
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pond size and orifice elevations to confirm retention times and peak flows from the design.  
After construction of a pond, a second series of “as-built” models, based on the design inflow 
and outflows predicted by field measured pond contours and pipe spacings, are submitted to 
local government development and environmental organizations for permanent record. 
Problems 
Unfortunately, best management practices—specifically, wet detention ponds—do not 
necessarily perform as designed or meet the ideals embodied by the Virginia Minimum Standard 
19.  In fact, almost as long as wet detention ponds have been used for storm water management, 
research has suggested that detention ponds fail to return stream peak discharges to pre-
development conditions—the intended role of detention ponds.  For example, McCuen (1979) 
suggested that engineers design detention ponds to create improvements in discharge 
immediately exiting ponds, but they do this without examining impacts from a broader 
perspective.  He theorized that detention-ponds—which distribute post-urbanization discharge 
over time—interact downstream with other sub-watersheds, creating higher peak flows and 
significant scour.   
In support of his hypothesis, McCuen (1979) observed—after urban development and wet 
detention pond installation at his Crabbs Branch site—a 10% increase in bedload transport and 
increasing peak flows for one mile downstream of the pond.  Emerson et al. (2005) suggested 
similar results after modeling various-sized storm events in the Valley Creek watershed in 
Chester County, Pennsylvania.  This research effort discovered that detention ponds at the site 
reduced watershed-wide peak flows, on average, by only .3% and actually created higher peak 
flows in some locations (Emerson, 2005).   
More recently, even the ability of individual retention facilities to meet specific 
regulatory objectives within a narrowly defined area of interest has fallen into question.  For 
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example, Fennessey et al (2001) conducted a computer modeling study that ran 33 years of 
historical rain data through synthetic retention and storm water management facilities designed 
according to accepted industry procedures—employing SCS TR-20 and TR-55 for design storm 
inflows.  This model compared the peak discharges from these ponds under hypothetical pre-
development and post-development conditions.  The results of this study suggested that retention 
facilities consistently failed to return post-development pond peak discharges to pre-development 
conditions.  Similarly, studies by Maxted and Shaver (1999) suggested little to no improvement 
in nearby stream conditions from typical ponds.  This calls into question both the function of 
retention facilities and the realism of zero-increase peak discharge regulation. 
The disparity between field performance and intended performance of wet detention 
ponds likely results from two categorical problems:  1) discrepancies between design 
specifications and construction and 2) errors in standard calculations and models used by 
engineers to create detention pond designs—resulting in differences between claimed pond 
effects and actual pond effects.  The latter problem is particularly compelling, since it extends to 
a large majority of newly developed detention structures.   
One area of this design vulnerability concerns the SCS and rational methods of 
estimating runoff based on empirical constants—curve numbers and runoff coefficients. A large 
number of studies by Fennessey and Hawkins have sought to explore the inaccurate assumptions 
and resulting limitations associated with systems that use these values—particularly the SCS 
system (Fennessey and Hawkins, 2001a).  
An example of this work is related to the SCS antecedent moisture content.  The SCS 
system accounts for the effects of soil moisture by creating a variable called the antecedent 
moisture condition (AMC), a value used in conjunction with curve numbers based on the rainfall 
within the five days preceding a storm event.  However, Fennessey and Hawkins (2001a) 
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describe how this variable, when calculated for a natural watershed in relation to curve number 
estimates under three different antecedent moisture conditions, can show significant scatter not 
consistent with the SCS model (Figure 7).  Designers may also significantly miscalculate CNs 
for watersheds.  Fennessey (2001d), in another study, suggested that CN values at several study 
sites were 10 to 40 CN too high, resulting in estimates of runoff rates much higher than gaged 
runoff rates.  
Other research has attempted to quantify the total error caused by problems such as these. 
For example, Fennessey et al. (2001c) modeled 37 watersheds using the SCS curve number (CN) 
in the TR-55 and TR-20 methods.   Twenty-five of these watersheds over-predicted or under-
predicted historical runoff rates by more than 30%.  Seven of these had an error relative to 
historical rates of several hundred percent (up to 1350%).  This research suggests that curve 
numbers and coefficients are only a reliable method if based on site-specific field measurements 
of discharge for given land use. 
Field performance 
Though indications of wet detention ponds’ deficiencies have existed for years—based 
on theory and modeling—ponds have typically gone untested in a field setting—that is, until the 
last several years, when a research effort led by Greg Hancock of the College of William and 
Mary, consisting primarily of undergraduate student researchers, has begun to provide field data 
for various wet-detention pond locations in James City County, Virginia.  These studies indicate 
a significant disparity between detention pond design specifications and field performance.  For 
example, Popkin (2005), working on two wet detention ponds—one at Mulberry Place and the 
other at Ironbound Village in James City County—compared field-tested peak inflows, peak 
outflows, runoff coefficients, and centroid lag times to those indicated in the pond’s design 
literature.  Though rainfall events during his study period never met or exceeded 1 year, 24 hour 
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storm levels, Popkin (2005) found that outflows exceeded engineer’s predictions for 2 year, 24 
hour outflows multiple times at Mulberry Place and 2 year, 24 hour outflows at Ironbound 
Village (Figures 8 and 9).  Popkin (2005) calculated inflows that were 50% greater than 
predicted by engineers at Mulberry Place and 300% greater than predicted at Ironbound Village.  
Lag times were much shorter than predicted at both locations. In two theses that parallel Popkin 
(2005), Jacobson (2006) and Grenz (2006) each collected data on a wet detention pond 
associated with the Pointe at Jamestown community and the Kensington Woods community, 
respectively.  At his Pointe at Jamestown detention pond, Jacobson (2006) found higher peak 
outflow than indicated in pond designs.  He also discovered that retention times were nearly ¼ 
less than the James City County mandated twenty-four hour holding period.  Grenz (2006), 
working at Kensington Woods, found that retention times were lower than the 24 hour standard.  
Also, runoff coefficients in two-thirds of storm events exceeded coefficients predicted by 
modeling in the detention pond design literature. 
The research of Popkin, Jacobson, and Grenz measured the most significant variables 
indicating field performance of detention ponds.  However, each of these projects was limited by 
their time-scale of observation.  None of these studies included measurement of discharges 
associated with storm precipitation at the 1 year, 24 hour storm or higher (Jacobson, 2006; 
Grenz, 2006).  Moreover, this field research could not address the causes of pond performance in 
a quantitative manner.  For this reason, providing specific and persuasive recommendations for 
pond design improvement proved difficult.  This current project therefore seeks to extend 
previous field research on wet detention ponds in James City County, linking elements of the 
pond design process to field performance. 
Key questions 
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As with previous work in James City County, this project sought to answer two 
questions:  1) Do local wet detention ponds perform in the field as predicted by their design?   2) 
Do these ponds perform as required by state and local regulation?   In addition to these questions, 
this study explores the design process in depth, seeking the answer to two more questions: 3) 
What elements in detention pond designs provide uncertainty in predictions of pond 
performance?  4) How can pond engineers improve these portions of pond designs? 
Methods 
 This research combined fieldwork with design analysis and computer modeling.  
Fieldwork sought to establish the performance of ponds relative to design intentions and 
applicable regulation.  Computer modeling explored design choices in critical steps of the design 
process, seeking to understand the effect of variation and uncertainty on design predictions of 
retention pond performance.  
Field data 
One fundamental goal of this project was to expand the body of literature evaluating the 
field performance of wet detention ponds.  In line with this goal, peak inflows, peak outflows, 
runoff coefficients, and centroid lag times were obtained for two suburban wet detention ponds 
in James City County, Virginia (Figure 10).  One of these was located in the Mulberry Place 
subdivision and one was located in the Longhill Grove apartment subdivision.   
Mulberry Place subdivision is a 50-acre suburban residential development with a heavily 
vegetated pond draining a 21.08-acre basin of recently developed land (Figure 11).  In pond as-
built plans, 42% or 8.76 acres of this community is classified as impervious cover.  Engineer’s 
estimates suggest that the area was dominated, in pre-development conditions, by agricultural 
land (AES, 2002).  Mulberry Place was researched by Popkin (2005), Wachter (2006), and 
Holley (2007) and has therefore been monitored for nearly five years prior to the study.  Field 
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equipment in place at the site included a pressure transducer attached to a data-logger, a staff 
gauge, and a tipping bucket rain gauge (Figure  11 and Figure 12).  
The other study site, Longhill Grove, is a small complex of apartments and townhouses 
less than 500 meters from Mulberry Place at the intersection of Longhill Road and Centerville 
Road.  The wet detention pond at this site has a prominent sediment forebay and according to 
engineering estimates drains 16.23 acres of land.  6.28 acres or 38% of this 16.23 acres is 
impervious pavement or building surface.  This site was studied by masters student Jonathan 
Holley in his 2007 masters thesis on retention ponds and downstream macro-invertebrate health.  
Equipment in place at the site included a pressure transducer attached to a data-logger and a staff 
gauge, similar to the Mulberry site (Figure 11 and Figure 12 and Figure 13).   
Inflows and outflows for both ponds were calculated using the method illustrated in 
Figure 14.  The pressure transducer and data logger installed at each site recorded pressure head 
in the pond every ten minutes.  This device then automatically converted pressure readings into 
pond elevation measurements.  These elevation measurements were downloaded several times a 
month, at which time the stage from a staff gauge in place at each site was also recorded.  
Elevation data from the data logger was converted to stage measurements using the equation of a 
best-fit line run through a graph of logger elevation versus observed stage.  Stage measurements 
provided a picture of the pond surface elevation relative to the permanent pool datum through 
time.  
Tables in as-built designs for each pond provided predicted pond outflows at various 
stages from the orifice and weir equations (eq. 6 and 8).  Stage measurements were converted to 
outflow using a best-fit line run through graphs of outflow versus stage obtained from these as-
built tables (Figure 15).  Stage measurements were converted to storage volume using the 
equation of another best-line run through a graph of data taken from as-built plans relating stage 
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to storage (Figure 16).  From storage and outflow data, inflows were then calculated using the 
conservation of volume relationship ∆S ∆t + O = I , where 
∆S
∆t  is change in storage per change 
in time, I is inflow in cubic feet per second and O is outflow in cubic feet per second.   
To help eliminate feedback between changes in pond elevation due to processes not 
related to storms, such as evaporation, cumulative rainfall hydrographs from the tipping bucket 
rain gauge at Mulberry Place were used to determine the start and endpoints of each storm event. 
The tipping bucket rain gauge measured rainfall with a tipping double sided bucket attached to a 
data-logger recording the time of bucket tips.  Each tip of the bucket indicated 0.01 inches of 
rain. Data from this device was also downloaded about twice a month.   
 To field check the engineering outflow predictions, the saltwater dilution method was 
used to directly measure stream discharge exiting each retention pond.  In the salt dilution 
method, a known mass of table salt (NaCl) is added at a select point—in this case, the exit point 
for the retention pond.  After obtaining a background conductivity level, any increase in the 
concentration of salt flowing past a point ≥ 10 meters downstream is measured using a 
conductivity meter.  Presumably, these concentration readings over an appropriate length of time 
will represent the total mass of the added salt sample.  The integral of concentration levels over 
time from the time concentration rises above background levels until it returns is divided by the 
initial mass and the total time for salt concentrations at the downstream point to return to 
background levels.  The following equation represents this calculation—the end result of which 
is Q, an estimation of average stream discharge during the sampling time period.    
 Q = Ms
(Ci − CB )∆t
i=1
n
∑
 eq. 10 
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Here, Ci is concentration of salt at some point in time i, CB is the concentration of salt before any 
salt was added, Ms is the amount of salt added, and ∆t is the elapsed time interval between 
measurements, and n is the total number of measurements.  
In addition to measurements of inflow, outflow, storage and lag time, field estimates of 
the average runoff coefficient and curve number for each site was determined.  Runoff 
coefficients are a ratio of surface runoff to rainfall, and were back-calculated for Mulberry Place 
pond using the following equation: 
 C = S
R
 eq. 11 
Here, S is total surface runoff depth in inches and R is total rainfall depth in inches.  Total 
surface runoff was obtained by taken the calculated cumulative inflow volume for a given storm 
and dividing by the 21.08 acre study area.  Total rainfall was taken from cumulative rain data 
from the tipping bucket rain-gage at Mulberry Place pond.   
Curve numbers were back-calculated at Longhill Grove based on the TR-55 
simplification of the SCS runoff equation, in which the Ia/S ratio is set to 0.2 (Dingman, 2002) .  
With Ia= 0.2S, equation 4 is simplified to following: 
 Weff =
(P − .2S)
(P + .8S)  eq. 12 
As before, Weff  equals the effective rainfall equivalent to direct runoff depth, P is precipitation 
depth, and S  is  storage index, all in inches.  This equation was solved for S as in Hawkins 
(1998).  
 S = 5[P + 2Weff − (4Weff 2 + 5PWeff )  eq. 13 
Using this relationship, curve numbers were calculated using equation 5 solved for CN. 
 CN = 1000(10 + S)  eq. 14 
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Hawkins study (1998) also used a secondary relationship between CN and P to determine the 
asymptotically approached CN predicted for any given storm event. This came from an earlier 
paper in which Hawkins (1993) discussed a method for directly computing CN in the field, and 
how the procedures used to compute CN values typically bias these CN toward higher values for 
small storms. The standard behavior of curve numbers back calculated for small storms is a 
logarithmic one asymptotically approaching a CN estimate (Van Mullem, 2002).  This project 
did not attempt to correct these values, but acknowledged the asymptotic relationship in CN 
analysis. 
In addition to this fieldwork, observation played a useful role in this project.  For 
example, notes on debris blocking outflow pipes in various storm events, trash located on the 
perimeter of ponds, and weather conditions were recorded during each visit to the two research 
sites.  These observations provided basic and sometimes significant (i.e. pipe blockage) 
information for understanding pond performance.   
Design Analysis and Computer Modeling 
 While peak outflows, inflows, centroid lag times, and runoff constants produced from 
field data provided information on the performance of retention ponds, they could not necessarily 
pinpoint the causes of this performance.  Design and approval of retention ponds today rely 
primarily on routing hydrographs generated from computer models.   Accordingly, to more 
clearly understand the parameters considered in the design process, this study replicated 
computer models for Mulberry Place and Longhill Grove.  After models were established, inputs 
to these models—including runoff coefficients, curve numbers, manning’s “n” values, and pond 
sizes—were varied to evaluate the effect of various design choices on model predictions of pond 
inflow and outflow.  
Creation and Calibration of Pond Models 
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  For these experiments, a HydroCAD computer model for each pond was created that 
replicated as-built models.  HydroCAD software package is a hydrologic and civil engineering 
industry standard providing the necessary support for both SCS and rational runoff methods.  
HydroCAD is also an acceptable modeling system for many government approval processes. 
Computer models in this software route synthetic and field measured rainfall events through a 
system of nodes—each node representing a discrete portion of the watershed (Figure 17).  Nodes 
used in this study included a) a single inflow node, containing the calculations for converting a 
rainfall hydrograph to a watershed-specific runoff hydrograph, and b) a pond node, containing 
parameters from as-built pond plans necessary to calculate pond surface elevation and outflows 
from inflow data.  Figure 18 shows a schematic of this simple node configuration. 
 In order to match the study model to as-built routings, inputs were based, wherever 
possible, on values taken from plans.  Where values did not exist or were not recorded in design 
documentation, inputs were chosen that reflected standard and reasonable engineering choices.  
As a method to check these choices, inflow and outflow hydrographs from the study model were 
visually compared to routing hydrographs in design plans. 
Rainfall Input 
The first step in the creation of each HyroCAD model was the creation of a design 
rainfall event.  Rainfall hydrographs in HydroCAD were generated using SCS unit hyetographs 
or rational runoff peak discharge estimates and times of concentration.  The rainfall design 
method and any relevant values were taken from as-built plans.  Since these synthetic rainfall 
events were intended to replicate those in as-built plans, only individual storms were modeled; 
the back-to-back storm generating function in HydroCAD was not utilized for experiments.  
Longhill Grove.  Design storms for the Longhill Grove model were generated using 
HydroCAD’s SCS Type II 24-hr unit hyetograph (Figure 6).  The rainfall depth for each modeled 
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storm was determined using the values from Longhill Grove’s Townes Site engineering plans, 
listed in the table below:  
Storm recurrence interval (by rainfall depth) Rainfall Depth 
1 year, 24 hour 
 2.8 inches; 
2 year, 24 hour  3.5 inches 
10 year, 24 hour 5.8 inches 
100 year, 24 hour 8.00 inches.   
  
Mulberry Place. For the Mulberry Grove pond, the rational runoff method was used to 
model rainfall.  This method is simpler than the SCS model.  The only parameter directly related 
to rainfall in this method is a value for rainfall depth. This value is typically taken from an 
intensity-duration-frequency established for a region.  Since the goal for both study models was 
to closely replicate the design process, this value was again taken from AES as-built plans.  One 
will notice that these values are different than those in the Longhill Grove plans:  
Storm recurrence interval (by rainfall depth) Rainfall Depth 
1 year, 24 hour 
 2.72 inches; 
2 year, 24 hour  3.26 inches 
10 year, 24 hour 4.52 inches 
100 year, 24 hour 6.25 inches.   
 
Creation of the Catchment 
The next step in the HydroCAD modeling process was the creation of a catchment node 
with watershed-specific information such as acreage, land use, curve number, and times of 
concentration. These parameters were used to transform rainfall data into a runoff hydrograph for 
the pond drainage basin. Inputs to this catchment node in the study model mirrored the values 
given for the post-developed watershed in as-built plans as closely as possible.   
Longhill Grove.  For the Longhill Grove model, the total area of 16.230 acres was 
subdivided into the following subcatchments based on SCS soil name and type and engineer land 
cover classification: 
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Subcatchment identifier. soil name-soil type-landcover classification Area (acres) 
18 B, Kempsville, FSL-B-brush .310 
18 B, Kempsville FSL-B-paved/buildings .230 
74 14/15 D,  Emporia-C-grass 3.120 
14V15D,  Emporia-C-paved .700 
29B, Slagle-C-grass 1.980 
29B, Slagle-C-paved 1.320 
11C, Craven-C-grass/brush 4.540 
11C,  Craven-C-paved/buildings 4.030 
 
Within this modeled catchment, times of concentration were calculated as closely as 
possible to plans, using TR-55 methods for three runoff pathway subdivisions and then taking 
the sum of these times for a composite Tc.   The first of the subdivions in plan was sheet surface 
flow contributing 2.3 minutes of Tc.  The TR-55 Sheet Flow procedure used in HydroCAD is the 
same system used in plans; times of concentration come from the following relationship: 
 T = .007 *(n * L)
0.8
P20.5 * s0.4
 eq. 14 
In this equation, T equals Travel time [hours],  n equals Manning's coefficient for sheet flow (see 
discussion of Manning’s coefficient’s below); in the as built plan this value was .05. L equals 
length [feet], equal to 50.0 feet in plan, P2 equals the 2-year, 24-hour rainfall [inches], equal to 
2.8 inches in plan, and s=Land slope (along flow path) [ft/ft] equal to .02 ft/ft in plan. 
 The second Tc subdivision in plan was 2.9 minutes from a shallow swale.  This utilized 
the TR-55 Shallow Concentrated Flow procedure, which assigns a surface coefficient (Csf) 
based on surface type, with two options: paved and unpaved.  Paved Csf equals 16.1345 and 
Unpaved Csf equals 20.3282.  Using these coefficients, 
 V = Csf * s eq. 15 
 T = L(3600*V )  eq. 16 
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Based on plans, the velocity factor was set to 20.3 ft/sec, L, flow length, equaled 500 ft, and 
slope, s, equaled .0200 ft/ft. 
The third Tc subdivision in the Longhill Grove model was 0.4 minutes of channel flow.  
In accordance with TR-55, times of concentrations in the as-built plans and in this study model 
were  calculated using Manning’s equation and values measured or estimated in the field by 
engineers.  Manning’s Equation is an empirical equation used to determine the average velocity 
(V) of gravity-driven water flow:  
 V = k
n
A
P
 
 
 
 
 
 
2 / 3
S1/ 2 eq. 17 
Copying the values used in Townes as-built plans for this land classification, cross sectional area, 
A, was set to 9.00 sq.ft.  Wetted perimeter, Pw, was set to 12.00 ft; Hydraulic radius, r, was set to 
.750 feet, channel k, a conversion constant, was set to 1.486 because other values were in the 
English system; n, manning’s roughness coefficient, was _.  The wetted perimeter, A/P, was set 
to .750 ft, the channel slope, s, was set to .0130 ft/ft.  The total flow length was 225 feet. 
In order to replicate TR-55 modeling used in as-built plans, the Ia/S Ratio (recall eq. 4) 
for this model was set to 0.2.  This is a central assumption in the simplified TR-55 method 
(Dingman, 2002) .  With Ia= 0.2S, equation 4 is simplified to the relationship below: 
Weff =
(P − .2S)
(P + .8S)  eq. 11 
Antecedent moisture conditions (AMC) were set at II, the recommended value for “normal” 
conditions.  Any deviations from this AMC number must accompany changes in curve numbers 
in accordance with the SCS methodology. 
Mulberry Place.  As in the Longhill Grove model, the 21.08 acres of suburban 
development draining to the Mulberry Place retention pond in the study model was divided into a 
series of sub-catchments based on as-built plans, this time based more broadly on land cover: 
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landcover classification Area (acres) 
Residential lots 10.470  
Right of way 3.460 
Open space 5.740 
Recreation area 1.210 
Not pervious 0.200 
 
The runoff coefficients for these subcatchments, based on the coefficients in plan, were 
combined into a weighted average C for the whole catchment, used in Q=CIA (eq. 1). 
 This Rational Runoff Equation was used by HydroCAD to determine a peak discharge 
for the watershed hydrograph.   In order to create the geometry of this watershed hydrograph, 
HydroCAD generates an initial hydrograph where the rising limb goes from a discharge of zero 
and time zero up to the peak discharge at the time of concentration.  The falling limb then falls at 
the same rate.  From this initial assumption, users are allowed to modify the rising limb and 
falling limb slope with a multiplier. To mimic the modified rational runoff method hydrographs 
in the Mulberry plans, the rising limb slope was kept at 1.0x and the rate of fall was increased to 
2.0x. In order to bring the study model into correspondence with the plan hydrographs, the 
duration of the inflow was set to 20 minutes.  
Creation of the Retention Pond 
 Just as the catchment node in both study models contained watershed parameters 
necessary to calculate inflows, another node representing the detention pond contained 
parameters necessary for modeling pond flows.  Information in this node included a volume to 
stage relationship for the pond and parameters about outflow structures relevant for determining 
flows based on the orifice and weir equations (see equations 6 and 8).  Wherever possible, the 
inputs for this node were based on parameters used to generate routings in as-built plans for each 
pond. 
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 Longhill Grove.  The first step in the creation of the Longhill Grove pond was the 
establishment of a relationship between pond elevation and volume.  To accomplish this, pond 
surface areas at regularly spaced pond elevations in the pond were taken from as-built plans and 
put into HydroCADs surface area storage multiplier.  This multiplier allowed for automatic 
calculation of pond volume at any pond surface elevation. The multiplier was set to assume no 
embedded structures within the pond volume and HydroCAD’s conic calculator was used to 
determine elevation and volume between the data points listed in as-builts. 
 The next consideration in the pond model was outlet structures.  These structures were 
input based on the elevation they become engaged as the pond surface elevation rises.  Outflows 
were calculated using weir and orifice equations (see equations 6 and 8). As is practice in most 
pond models, the smallest “water quality” outflow pipe was assumed to always function under 
orifice flow conditions.  The larger standpipe was assumed to start under weir flow conditions 
and transition to orifice flow at a transition point after the water surface rises far enough above 
the lip of the pipe to fully fill the inflow structure.  
Copying as-built plans, the small orifice for Longhill Grove was set at 80.30 feet in 
elevation in the study model. The diameter was set to 4.0 inches (as-built plans call for .33 foot 
diameter orifice) and the discharge coefficient, C, was set to .600.  In the model, a 72.0 inch 
diameter standpipe with an opening in the horizontal plane was input at 83.25 feet invert 
elevation.  This standpipe operated with a discharge coefficient of .600 and was assumed to be 
governed by the weir equation at low heads (HydroCAD automatically inputs corresponding 
weir coefficient).  The tailwater structure for this pond model, as in as-built plans, was set to 
operate under free discharge. 
Mulberry Place.  The first step in the creation of the Mulberry Place model, as with the 
Longhill Grove model, was the establishment of a relationship relating volume and pond surface 
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elevation.  The pond node for the Mulberry Place study model again used the volume-elevation 
data listed in AES as-built plans to create this relationship in the surface area storage multiplier. 
The pond was assumed to have no structures embedded within the volume, just like the Longhill 
Grove model.  The conic shape calculator was again used to extrapolate volumes from the 
surface area data.  
As in Longhill Grove, the pond node for Mulberry Grove included information on pond 
outflow structures.  Parameters for these structures were again taken directly from design 
documents.  The water quality orifice in as-builts was recorded at 79.10 feet elevation, with a 
diameter of 3.0 inches.  This orifice had a discharge coefficient of .6 and flow was assumed 
governed by only the orifice equation.  Above this orifice at an elevation of 83.64 feet was a 48.0 
inch-diameter standpipe.  In as-built routings, this pipe was assumed to have a discharge 
coefficient of .600.  Flows were calculated using the weir equation at low head values and the 
orifice equation at higher head values. 
Unlike Longhill Grove, routings generated in Mulberry Place as-built plans included 
information on discharge through a final outflow culvert. This culvert routed flows from the 
small orifice and large standpipe out into a nearby stream. In order to match designs, the study 
model also routed flows through this structure. In as-built plans the inflow to the final culvert 
was 70.26 feet in elevation and the outlet was 65.83 feet.  The culvert had diameter of 18.00 
inches, a length of 107.0 feet, and a slope of 0.0414 ft/ft. In as-built routings, this culvert was 
assumed to have Manning’s n of 0.013, a contraction coefficient of 0.900, and a kinetic energy 
coefficient (Ke) of 0.600.  These values were each replicated in the study model. 
Finally, unlike the simpler Longhill Grove as-built routings, the Mulberry place design 
included information on a functioning spillway at 84.00 feet in their model.  This structure, 
intended to prevent the pond walls from overtopping in significant storm events, was also 
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replicated in the study model.  Flow characteristics for this structure were taken from a head 
versus discharge chart from the AES document. HydroCAD used this data to create a functional 
discharge curve used to determine flow values not present in the as-built chart. 
Flow Routing 
Once the parameters were established in the catchment and pond nodes, calculations 
settings were established in order to route hydrographs created from rainfall and the catchment 
node through the pond model.  These pond routings were generated based on HydroCAD’s 
Storage-Indication method, a basic technique for sequential pond routing assuming steady, 
normal flow (HydroCAD).  According to HydroCAD documentation, stage-discharge and stage-
storage curves were used to create a storage-indication curve based on the following equation: 
 SI = S + O
2
dt  eq. 18  
Here, SI equals Storage Indication value, S equals pond storage, O equals pond outflow, and dt 
equals a set time increment. For both models, dt was set to 0.02 hours and the curve was run for 
the length of routings, which was set to 400 hours.  This long time span proved necessary for 
accurate centroid-lag calculations, since HydroCAD considers only the portion of inflow and 
outflow hydrographs present within the modeled time span. 
At each 0.02 hour time step, a storage indication value was calculated using the following 
relationship: 
 SI = S1− O
2
dt + I1+ I2
2
dt  eq. 19 
In this equation, S1 equals storage at start of the time step, O1 equals Outflow at start of a given 
time step, 11/2 equals the inflow at start/end of a given time step.  After each time step, the 
initially generated storage-indication curve was consulted to determine the elevation that 
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corresponds to the new storage-indication value.  Using this elevation, the stage-storage and 
stage-discharge curves provide a new value for storage and discharge (HydroCAD help). 
Design Analysis and Retrofit Experiments 
After study models reasonably replicated design models, experiments were conducted to 
investigate the effect of engineer’s input choice on model predictions.  For these experiments, 
values suspected to have significant influence and potential variability over inflows and outflows 
were varied in the computer model.  With respect to inflows, curve numbers and runoff 
coefficients used to create modeled surface runoffs were investigated.  Manning’s “n” constants 
used in the calculation of times of concentration were also explored.  These constants were 
varied in study experiments within reasonable high and low bounds relative to site 
characteristics.  With respect to outflows, pond volumes were varied.  The establishment of the 
storage volume for the pond has significant effect on the outflow structures engaged during 
various inflow conditions, and, accordingly, on the timing and magnitude of pond outflows. 
Curve Number and Runoff Coefficient Modeling 
The first design elements explored were runoff coefficients and curve numbers.  The 
intention of these experiments was to determine the effect of reasonable variation in runoff 
constants on watershed hydrographs, and in turn on detention pond design inflows and outflows.  
Care was taken to choose values that could have been reasonably drawn from design tables, 
based on field observation of each site.  As part of this process, an afternoon was spent 
physically tracing the proposed drainage boundaries in plans and recording qualitative 
information on current land usage and soil properties. 
As the first step in both the Mulberry and Longhill experiments, inflow and outflow 
hydrographs and summary files containing centroid lag times were generated using design curve 
number and coefficient values taken from as-built plans.  The only variation from these plan 
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values occurred in the Mulberry Place model.  In this model, a value of .72 was used for Right of 
Way.  This is consistent with margin notations, review comments, and the average C of .41. This 
value differs from the general C listing, which states that this value is .75—a number not used 
elsewhere in the plans (Figure 18). 
After design coefficients and curve numbers were established, reasonable high and low 
estimates of curve numbers and coefficients were created based on observation in the field and 
based on the charts in McCuen (2005).  This chart is listed in Appendix II.  For high values, the 
coefficient for residential lots was changed to the coefficient for residential single family homes.   
Secondly, the area classified as right of way was assumed not pervious.  Finally, the recreational 
area C was changed to the coefficient recommended for playgrounds (Figure 18).  For reasonable 
low-end rational runoff C estimates, I chose the coefficient for suburban residential to describe 
residential lots.  I used a C value describing a more pervious surface than designs for right of 
way, and used a value for playgrounds in good condition (Figure 18). 
Longhill Grove design curve numbers from as-built plans were generally recorded as the 
value representing the best condition for each stated land classification on the CN 
recommendation chart listed in McCuen (Figure 19).  High end estimates for Longhill Curve 
numbers assumed poor brush for 18B, fair condition grass for 14/15D and poor brush for 11C 
(Figure 19).  Low end estimates for Longhill Curve Numbers used good B-type soil brush values 
for 18B, good C type value grass for 14/15D, and good C type brush values for 11C. 
Hydrographs and centroid lag summary files were created for model runs based on these 
modified constants, with all other models values and calculation methods unchanged.  The 
results of these experiments were plotted together for analysis, using a program created in 
MatLab. 
Manning’s n Modeling 
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 After running experiments on curve numbers and coefficients, a similar set of 
experiments was completed varying the Manning’s “n” constants in Longhill Grove’s SCS time 
of concentration calculations.  These constants are used in calculation of surface flow and 
channel flow Tc. All other model parameters were kept consistent with the design coefficient and 
curve number experiments.  First, hydrographs were generated using n values taken from design 
documentation (Figure 20).  Next, Manning’s n values that were 10% higher and 10% lower than 
design n values were input, and respective hydrographs were generated for each condition 
(Figure 20).   These graphs were plotted together for comparison using MatLab. 
Pond Volume Retrofit Modeling 
Finally, experiments were run to determine the increase in pond volume necessary to 
bring centroid lag times for the 1yr, 24 hour storm in design hydrographs up to the 24-hour 
centroid lag time requirement specified by local law.  For these experiments, each model was run 
using design coefficients, curve numbers, and n values, and keeping all other values consistent 
with previous experiments. Using HydroCAD’s storage volume multiplier, the volume of each 
pond was expanded laterally by a scalar relative to original size, in successive increments (1.5 x 
original volume, 2.0 x original volume, 2.5 x original volume) while keeping depth constant 
(Figure 21).  At each size, new hydrographs were generated.  This process was continued until 
the pond reached a size at which centroid lag times came within .1 hours of 24 hour retention. 
Once the size was established to retain the 1yr, 24 hour design storm for 24 hours at each 
pond, a series of experiments was run to determine the effect of this larger pond volume on the 
predicted outflow variation resulting from reasonable changes in runoff constants. In this step, 
routings were created for the 1yr, 24 hr and 2yr, 24 hr design storms and the larger pond volume 
under high, design, and low CN and C estimates.  The CN and C values used here were the same 
used in experiment set I. These routings were compared to routings for these design storms at the 
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original pond volume. 
As a last step, a series of experiments were run to determine the effect of a larger pond 
volume on the outflow characteristics generated from field-measured inflow hydrographs for 
storms with rainfall depths below the one year, 24 hour storm.  For this experiment, field inflow 
hydrographs from each study site were imported into the model.  Routings were generated for the 
pond at the original size and at the larger size. 
Results 
Field Data:  Mulberry Place 
The first area of field analysis conducted in this project was the determination of peak 
inflows and peak outflows for each pond.  Forty-one storms were measured over two years.  For 
storms with rainfall depths below two inches, most field measured peak inflows from the 
Mulberry Place pond fell below ten cubic feet per second.    However, for two storms with 
rainfall depths approaching the one year, twenty-four hour storm depth of 2.72 inches, peak 
inflows were significantly higher than the 23.5 cfs outflow predicted for the 1yr, 24hr outflow in 
designs (Figure 22 and 23).  In the 2007 data, one peak inflow for a storm approaching the one 
year twenty-four hour rainfall exceeded the design 2yr, 24hr hour inflow of 28 cfs by nearly 10 
cfs.   Another just exceeded the 54 cfs peak inflow predicted in plans for the 100yr, 24 hour 
rainfall (Figure 1).  In 2008, inflows from storms approaching the one-year twenty-four hour 
rainfall depth significantly exceeded the one-year, twenty-four hour peak inflow of 23.5 cfs by 
around six cubic feet per second (Figure 23). Interestingly, storm events with total rainfall above 
the one year twenty-four hour storm, in both 2007 and 2008, showed significantly lower peak 
inflows than slightly smaller storms (Figure 22 and 23).  Peak inflows from these events 
consistently fell below 23.5 cfs.  These storm events instead achieved large volumes of total 
rainfall through multiple hydrograph peaks distributed over a longer time period than other, 
smaller storms (Figure 24). 
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Peak outflows for Mulberry Place also showed a distinct range between smaller, more 
frequent storms and storms with total rainfall above the 1yr, 24hr design rainfall depth of 2.72 
inches (Figure 22 and 23).  At rainfall depths well below 2.72 inches, measured peak outflows 
fell below the 1yr, 24hr predicted outflow of 0.5 cfs (Figure 2 and 3 and 5).  However, as with 
peak inflows, when total rainfall depth of these storms approached 2.72 inches, peak outflows 
from Mulberry Place jumped significantly, displaying peaks well above the plan-predicted ten 
and one hundred year pond outflow levels (Figure 22 and 23).  In  2007, one outflow for a storm 
around 2 inches in total depth exceeded the design 10 yr 24 hr peak outflow (39 cubic cfs) by 
nearly six cfs.  Another exceeded the 100 yr 24 hour peak outflow (54 cfs) by nearly twenty cfs 
(Figure 22).  In 2008, two flows approaching the 1yr, 24hr rainfall depth exceeded the 10 yr 24 
hr peak discharge by more than seven cfs (Figure 23).  Still higher rainfall depth storms also 
showed a dramatic reduction in peak outflows, with peak outflow returning back to values closer 
to the predicted outflows for smaller storms (Figure 22 and 23).  These were long intermittent 
storms with multiple cells of rain and were therefore considered separately from other events.  
The outflows for these storm events displayed prolonged discharge with multiple, subtle peaks 
(Figure 24). In terms of salt dilution confirmation of these results, the relationship between 
calculated pond outflows and salt-dilution measured outflows from Popkin (2005) and Wachter 
(2006) were assumed valid and no further measurements with this method were attempted for 
Mulberry Place.  
Another metric evaluated for Mulberry Place pond was centroid lag time.   For Mulberry 
Place, 25 centroid lag times for storms less than the 1yr, 24hr rainfall depth of 2.72 inches fell 
between five and fifteen hours, generally ten hours or more below the 24 hour detention 
specified for the design 1yr, 24hr storm (Figure 22 and 23). Lag times displayed a noticeable 
trend, generally decreasing as rainfall depth increased, up to 2.72 inches (Figure 22 and 23). The 
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four storms measured during 2007 and 2008 that had between 2 and 2.72 inches of total rainfall 
displayed centroid lag times below five hours.  Higher total-rainfall storms behaved similarly to 
the more frequent, lower level storms.  In 2007, the one measured storm above the design 1yr, 24 
hr depth (>2.72 inches) had a lag time of about 12 hours (Figure 22 and 23).  In 2008, one 
measured storm at 3.1 inches displayed a lag time of 12 hours.  One measured storm at 3.7 
inches total rainfall depth displayed a lag time of 10 hours.   
The final metric calculated from Mulberry field data was a runoff coefficient for each 
storm.  These coefficients averaged 0.26—lower than predicted plan value (Figure 22 and 23).  
Runoff coefficients appeared to increase as storms increased in total rainfall up to the one year 
twenty four hour storm (Figure 22 and 23).  The 25 analyzed storms lower than two inches of 
total rainfall had runoff coefficients falling between 0.1 and 0.3.  However, the four storms 
between 2 and 2.72 inches of rainfall had runoff coefficients ranging between .5 and .8.  In the 
2007 data, the only storm above the one year twenty-four hour depth in plan (>2.72 inches) 
displayed a lower coefficient, just above 0.2.   In the 2008 data, the 3.1 inch storm displayed a 
coefficient just above 0.2.  The 3.7 total rainfall depth displayed a coefficient around 0.25. 
Longhill Grove 
 Data from the 24 storms analyzed at Longhill Grove during 2008 displayed many of the 
same trends as the pond at Mulberry Place (Figure 25).  For example, peak inflows again 
increased with increasing total rainfall depths up to the 2.8 inch, one year, twenty four hour 
design storm.  For storms below 0.5 inches total rainfall, peak inflow ranged from .2 cubic feet 
per second to .7 cubic feet per second.  Storms between .5 and 2 inch of total rainfall displayed 
more scatter than Mulberry Grove, ranging between 3 cubic feet per second and about 18 cubic 
feet per second. The one storm analyzed between 2 inches and the 1yr 24 hr depth of 2.8 inches 
displayed the highest inflow just over 20 cubic feet per second.   However, unlike Mulberry 
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Place, none of the 22 storms falling below 2.8 inches in total rainfall exceeded the 31 cfs peak 
inflow predicted in plans for the watershed. The highest discharge from these smaller storms the 
peak inflow was still approximately ten cubic feet per second below the value predicted in 
Longhill Grove as-built plans (Figure 25).  Two storms above the 1yr, 24 hour storm rainfall 
depth had peak inflows between 10 and 13 cfs. As mentioned earlier, rainfall events above 2.8 
total inches showed a pattern of multiple smaller hydrograph peaks stretching over a longer time 
period than 24 hours and were considered as a different class of event (Figure 26).  
Peak outflows for 21 of 22 storms below the 2.8 inches total rainfall depth designated as 
the 1yr 24 hr storm fell below the 0.72 cfs peak outflow predicted for this design storm.  
However, these storms all had total rainfall depths lower than 2 inches.  For the one storm at 2.35 
inches on day 67 of 2008, peak outflows were nearly nine cubic feet per second above the 2yr, 
24 hr predicted peak outflow of 3.35 cfs (Figure 25).  The two events with higher rainfall depths 
than the 2.8 inch, one year, twenty-four hour storm behaved differently than in Mulberry Place.  
The 3.10 inch storm had a peak outflow 3 cfs above the 2yr, 24hr predicted peak discharge of   
3.35 cfs.  The larger intermittent storm at 3.7 inches created an outflow of .3 cfs—an outflow 
closely aligned with smaller, more frequent storms (Figure 26). At Longhill Grove, the salt 
dilution measuring technique was used during four different rainstorms.  However, due to a 
dislodged wire in the conductivity meter during the first two of these attempts, and unusually low 
discharge in the third, only one measurement was obtained for Longhill Grove.  At Longhill 
Grove, flow data from salt dilution outflow data and curve number estimation suggest that 
outflows at each stage are much lower than design documentation (Figure 27).  Accordingly, 
during analysis of this data, outflows were conservatively assumed 50% lower than plans at each 
stage.  
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 Centroid lag times for Mulberry Place showed significant variation throughout the 21 
measured storms.  Centroid lag times varied from just over 3 hours up to one storm at 26 hour 
retention (Figure 25). However, 14 of 18 storms with measured rainfall less than 2 inches had 
centroid lags between 3 and 15 hours, with a noticeable concentration of datapoints just above 
ten hours.  The 2.35 rainfall depth storm had one of the three lowest centroid lag times at 4.6 
hours (Figure 25).  The only intermittent storm event above the two-year twenty-four hour 
rainfall depth displayed the highest centroid lag of 26 hours (Figure 26).  
 An important field observation should be noted here:  Longhill Grove pond displayed 
high levels of trash in and around the perimeter of the pond.  These debris, including bottles, 
cans, trash bags, and various litter, tended to obstruct the small 4” outflow orifice during major 
storm events (Figure 28).   Such blockages, removed on multiple occasions, likely reduced flows 
for several storms by as much as 50 to 75%.  At Mulberry Place, trash accumulation was 
relatively insignificant.  However, this pond frequently displayed significant algal populations 
covering the water surface between storm events.. 
 SCS Curve Numbers calculated for 21 storms at Longhill Grove showed a generally 
decreasing trend with increasing rainfall depths throughout the data (Figure 25).  This curve 
number ranged from nearly 99 to the mid-70s (Figure 25).  The 3.73 inch intermittent rainfall 
event (above the 2-yr, 24 hour rainfall depth) displayed the lowest curve number of 76. 
Design Analysis and Computer Modeling  
Before experimentation, the HydroCAD model was calibrated to match design routings 
as closely as possible.  Parameters in each computer model came directly from as-built plans 
wherever possible (see methods).  Routings were then generated to compare models to design 
routings visually.  If the model failed to match the plan hydrographs in terms of peak discharge, 
timing of peak, and distribution of total discharge through time for inflows and outfls, model 
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parameters were checked and corrected.  For Mulberry Place computer model, hydrographs 
produced using as-built values for pond and site characteristics eventually visually matched plan 
hydrographs and also displayed the expected geometries of rational runoff design storms (Figure 
29).  For the Longhill Grove pond, as-built values incorporated into HydroCAD produced 
hydrographs that visually matched plan hydrographs less closely (Figure 30). Particularly, the 
peak discharges in the study model generally fall about 0.25 hours before the design and peak 
inflows were higher by .5 to 20 cfs (Figure 30).  However, multiple checks confirmed that pond 
and site values present in Longhill Grove as-built plans were reproduced in the HydroCAD study 
model. Where these values were not present, assumptions were made based on the 
recommendations accompanying the software and in resources such as the Virginia Stormwater 
Management Handbook.  Since the study model tended to slight over-predict runoff and under-
predict times of concentrations, the HydroCAD model was more conservative than the plan 
model in relation to regulation seeking to lower peak flows and extend lag times.  With this in 
mind, the HydroCAD model was assumed to adequately reproduce designs for this study. 
Curve Number Experiments 
 Of the design analysis experiments conducted, the most significant results came from 
investigation of rational runoff coefficients and SCS TR-20 curve numbers.  The variation 
between reasonable runoff coefficients (“C”) in the Mulberry Place rational runoff model 
resulted in inflow hydrographs with significant differences in peak discharge.  Inflow 
hydrographs from the high coefficients were nearly 50% higher in peak discharge than inflow 
hydrographs from low coefficient estimates (Figure 31).  These inflows produced even more 
significant variation in pond outflows (Figure 31).  Outflow variation was most significant in the 
1 yr and 2 yr outflow, where the high C peak discharge was nearly 14 times the low C value 
(Figure 31).  This extreme change in the total outflow represents the difference between outflows 
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flowing through the small 4” diameter outflow pipe—which is intended to regulate 1 and 2 yr 
storms—and outflows engaging both this pipe and the much larger standpipe—intended to 
funnel higher-volume storm discharges downstream quickly (Figure 31).  In addition to the 
significant peak discharge increases with increasing C values, peak lag times and centroid lag 
times were lower at higher C values (Figure 31).  Hydrographs from the 10 yr and 100 yr storm 
showed variation in terms of inflows and outflows on the same order of magnitude as the 2yr 
storm (Figure 32) 
 The SCS TR-20 Longhill Grove model displayed the same general trends as Mulberry 
place.  Within the range of reasonable curve number estimates, high curve numbers produced 
peak inflows significantly higher than peak inflows produced at low curve numbers (Figure 33).  
In contrast with data from the rational runoff model, though, the one and two year rainfall depth 
storms in the Mulberry TR-20 model displayed high curve number peak inflows that were about 
25% higher than low curve number estimates (Figure 33).  Also, the difference between high 
curve number and low curve number peak inflows became progressively smaller with increasing 
storm magnitude (Figure 34).  Outflows in the Longhill Grove model showed much larger 
differences than inflows in variation between high and low curve number hydrograph peak 
discharges (Figure 33).  
Manning’s n  
 Varying Manning’s n values in the Longhill model time-of-concentration calculations 
produced little effect on inflow or outflow hydrographs from the pond model in the one year or 
two year storm (Figure 35).  Since this variable does not appear to be significant, no further 
experiments were completed. 
Pond Sizing Experiments 
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 A final series of experiments was conducted to determine the pond volume (and therefore 
storage) increase necessary to bring pond flows at both field sites in line with legal requirements 
and design intentions.  For the Mulberry Place model using the design pond size and design 
runoff coefficient values, centroid lag time for the 1yr rainfall depth storm was 920 minutes, just 
higher than 15 hours.  The starting elevation for this rainfall event at the initial pond volume was 
79.0 feet, the initial surface area was 5,803 square feet, and the storage was 30,900 cubic feet. 
The peak elevation was 83.4, the peak surface area was 12,100 square feet, and the peak storage 
was 72,401 cubic feet.  Multiplying the pond volume by 2.5 times produced a centroid lag of 
1,440 minutes, just below 24 hours (Figure 36).  At this size, the starting elevation of 79 feet had 
a surface area of 14,500 square feet and storage of 77,300 cubic feet.  The peak elevation at 2.5 
times volume was 2.3 feet lower, at 81.11 feet elevation.  The peak surface area at 2.5 times 
volume was 23,700 square feet and the peak storage was 119,200 cubic feet.    
For the Longhill Grove  HydroCAD model, the centroid lag time for the 1yr rainfall 
depth storm at design volume was 959 minutes, or 15.988 hours (Figure 37).  With this volume, 
at the starting elevation of 80.3 feet, the pond had a surface area of 13,500 square feet and a 
storage of 23,500 cubic feet.  At its peak elevation of 82.9 feet, the pond had a surface area of 
23,700 square feet and storage of 71,500 cubic feet. Increasing the pond volume by 2 times 
brought retention times to 1400 minutes, or 24 hours.  At this pond size, the starting elevation of 
80.3 feet had a surface area of 27,000 square feet and storage of 47,000 cubic feet.  The peak 
pond surface during the one year event from the doubled pond volume occurred at an elevation 
82 feet, about one foot below the peak elevation of the same storm in the design volume and, 
significantly, about a foot and a half below the elevation of the standpipe at 83.3 feet.  The peak 
surface area for the storm in the doubled volume was 41,900 square feet and the peak storage 
was 98,800 cubic feet.   
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The 2.5 times larger pond volume at Mulberry Place and the 2x pond volume at Longhill 
Grove naturally affected the centroid lag time of other inflow conditions besides the 1 year 
design storm and design curve numbers.  These lag times were functions of pond geometry and 
elevation of the standpipe, since engaging this structure (such as in the two year storm) 
significantly reduces centroid lag times.  In the table below and graphically in figures 36 and 37 
are lag times at various storm rainfall depths, curve number/runoff coefficient sets, and pond 
volumes. 
Mulberry Place Longhill Grove: 
1yr, 1x, High C:            14.1 hours 1yr, 1x, High C: 8.3 hours 
1yr, 2.5x, High C:        26.6 hours 1yr, 2x, High C: 26.1 hours 
2yr, 1x, High C:           11.8 hours 2yr, 1x, High C: 7.5 hours 
2yr, 2.5x, High C:        29.2 hours 2yr, 2x, High C: 14.8 hours 
1yr, 1x, Low C:            12.7 hours  1yr, 1x, Low C: 15.1 hours 
1yr, 2.5, Low C:           20.6 hours 1yr, 2x, Low C: 23.0 hours 
2yr, 1x, Low C:            14 hours 2yr, 1x, Low C: 8.8 hours 
2yr, 2.5x, Low C:         22.3 hours 2yr, 2x, Low C: 13.0 hours 
 
 For example, in the Mulberry Place model with the two-year design storm, increasing 
pond volume by 2.5 times reduced the difference between high curve number and low curve 
number hydrograph peak discharges from nearly fifteen cubic feet per second to well within one 
cubic foot per second of each other (Figure 39).  Similarly, in the Longhill Grove model with the 
two-year storm, increasing the pond volume by 2 times reduced the difference between high and 
low curve number peak discharges from nearly seven cubic feet per second to well within one 
cubic foot second (Figure 41). 
 Figure 28 and 29 illustrate the affect of increasing pond volumes on the model outflow 
predicted from an inflow hydrograph taken from field data.  This storm, on the 67th day of 2008, 
created around 2.4 inches of cumulative rainfall.  In the Longhill Grove pond model at 1x pond 
volume, this storm engaged both the orifice and standpipe, had a peak outflow of 7.2 cfs, and a 
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centroid lag time of 627 minutes (10.4 hours).  At 2 times pond volume, this storm had a peak 
outflow of .7 cfs and a center of mass detention time of 1750 minutes (29.2 hours).  This same 
storm in Mulberry Place at 1 times pond volume produced peak outflows of 23.65 cfs, engaged 
the water quality orifice, standpipe, and emergency spillway, and had a centroid lag time of 489 
minutes (8.1 hours).  Increasing the volume of the Mulberry Place pond model by 2.5 times 
reduced peak flows to .5 cfs and created a centroid lag of 2327 minutes (38.8 hours).   Outflow 
results from these models under design conditions closely mimic the field-measured response of 
these structures (Figure 42, 43). 
Discussion 
Field Peak Outflows 
 As discussed in the introduction, Virginia and James City County regulations for wet 
detention ponds focus primarily on pond outflow:  MS-19 specifies reducing the two year, 
twenty-four hour peak outflow to pre-development conditions; the stricter JCC standard specifies 
24 hour retention of the one year, twenty-four hour storm (Stormwater JCC, 2008; Code JCC, 
2008a, JCC Guidelines, 1999).  In order to meet the MS-19 standard, detention pond designers 
must predict 2yr, 24hr pre-development peak outflows and compare their predicted 2yr, 24hr 
pond peak outflow to this value.  To meet design intentions and legal requirements in the field, 
the pond should demonstrate pond outflows equal to design predictions and below estimated pre-
development peak outflows. 
Mulberry Place.  The table below lists the AES estimated pre-development watershed 
peak outflow and post-development peak outflow from the detention pond at Mulberry Place. 
Storm recurrence interval 
by rainfall depth 
Pre-development peak 
outflow from the watershed 
predicted in Mulberry Place 
as-built plan. 
Post-development peak 
outflow from the proposed 
pond in Mulberry Place as-
built plan. 
1yr, 24 hr -- 0.5 cfs 
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2yr, 24hr 11.6 cfs 4.6 cfs 
10yr, 24hr 16.8 cfs 18.7 cfs 
100yr, 24hr 24.1 cfs 35.3 cfs 
 
At Mulberry Place, the only rainfall meeting the 2yr, 24hr total rainfall depth achieved this depth 
in more than 24hours (Figure 24).   This sort of event was difficult to analyze as individual 
storms since rainfall did not stop for more than a few hours between segments of the storm—if at 
all. Each of the multiple outflow peaks for this large storms fell well below the design estimate 
for 2yr, 24hr pre development and post development pond outflow.  This does not necessarily 
indicate that the ponds meets design intentions and regulation, since these storms exceeded the 
time span of the 2yr, 24hr storm.  The ability of the pond to meet the 2yr, 24hr peak inflow 
reduction requirement still remains untested in the field.  
 However, the behavior of the pond for storms occurring within 24 hours with less than 
the 1yr, 24hr rainfall may indicate behavior of larger storms occurring within 24 hours.  As these 
storms approached the 1yr, 24 hr storm depth, discharge began to exceed design predictions of 
pond outflows for 10 yr, 24 hour and 100yr, 24 hour storms (Figure 44).  Four storms above 2 
inches came within one cfs of reaching the design estimate of 2yr, 24hr predevelopment outflow.  
Since 2yr, 24 hr storms would provide half an inch more rainfall in the same 24 hr period, it is 
likely, based on the trend apparent in smaller storm data, that these larger storms would far 
exceed design predictions of pond outflow under the 2yr, 24hr storm and would also probably 
exceed pre-development peak outflow estimates (Figure 44). 
 One important thing to note about these field outflows is the definition of pre-
development used in design predictions.  In Mulberry Place, pre-development land use 
predictions included a pasture, home sites, a section of a local suburban gated community, a 
school, and an apartment complex (AES, 2002).  This is consistent with the legal definition of 
pre-development in the state, since these land uses occurred before the present subdivision was 
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created.  However, these land uses do not represent the natural watershed before significant 
human modification to the runoff pathways.  Because of the hydrologic changes associated with 
urbanization mentioned in the introduction (Figure 1) true “pre-development” conditions would 
have much lower peak discharges at all storm depths. 
 Taking all this information into account, the pond at Mulberry Place subdivision would 
likely not reduce the 2yr, 24hr peak outflow to the predicted pond peak outflow listed in designs.  
This pond would also likely exceed predictions of peak-outflow for pre-development conditions, 
thereby failing to achieve the MS-19 standard.  Finally, and perhaps most importantly, the pond 
at Mulberry place would almost certainly fail to achieve true pre-development conditions for the 
2yr, 24hr rainfall depth, since peak outflows from this landscape would fall significantly below 
those from land-uses considered to be pre-development in typical pond designs.  This conclusion 
is consistent with previous research at Mulberry Place by Popkin (2005) and Wachter (2006). 
 Longhill Grove.  The table below lists the Townes Site Engineering estimated pre-
development drainage basin peak outflow and post-development peak outflow from the detention 
pond at Longhill Grove. 
Storm recurrence 
interval by rainfall 
depth 
Pre-development peak outflow 
from the watershed predicted in 
Longhill Grove as-built plan. 
Post-development peak outflow 
from the proposed pond in Longhill 
Grove as-built plan. 
1yr, 24 hr 12 cfs .72 cfs 
2yr, 24hr 21 cfs 3.35 cfs 
10yr, 24hr 56 cfs 55.37 cfs 
100yr, 24hr 100 cfs 114.5 cfs 
As with Mulberry Place, the only storms meeting the 2yr, 24hr total rainfall depth at Longhill 
Grove achieved this depth in more than 24hours (Figure 28).  Each of the multiple outflow peaks 
for this large intermittent storms fell well below the design 2yr, 24hr pre-development outflow 
peak of 3.35 cfs and below the design estimate for post development pond outflow.  This does 
not necessarily indicate that the ponds meet design intentions and regulation, since these storms 
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exceeded the time span of the 2yr, 24hr storm.  The ability of the pond to meet the 2yr, 24hr peak 
inflow reduction requirement still remains untested in the field.  
Also like Mulberry Place, the behavior of the pond for storms that occured within 24 
hours with less than the 1yr, 24hr rainfall may also indicate behavior of larger storms occurring 
within 24 hours.  For the two measured storms below the 1yr, 24 hr storm depth at Longhill 
Grove, discharge exceeded design predictions of pond outflows of the 2 yr, 24 hour storm 
(Figure 45).  However, unlike Mulberry Place, no flows less than the 1yr, 24hr depth approached 
the 2yr, 24hr pre-development outflow.  Since 2yr, 24 hr storms would provide half an inch more 
rainfall in the same 24 hr period, these storms would also possibly exceed design predictions of 
pond outflows under the 2yr, 24hr storm.  However, since only one storm was measured between 
2 and 2.8 inches, this is less certain than at Mulberry Place.   
Based on the data, peak outflows from the 2yr, 24hr storm at Longhill Grove would 
likely not exceed the estimated pre-development discharge (Figure 45).  However, consistent the 
typical pond design process and legal standards, Longhill Grove as-built documents consider 
pre-development land use to mean the landscape before Longhill Grove subdivision was built, 
rather than land cover before human modification.  CN estimates of pre-development land-cover 
at Longhill Grove include pavement, grass, and buildings.  The composite CN is 70, only 12 less 
than the estimated post development CN of 82 (Townes, 2003).    
 Taking all this information into account, the pond at Longhill Grove apartments would 
likely not reduce the 2yr, 24hr peak outflow to the predicted pond peak outflow listed in designs.  
This pond, though, would likely achieve peak-outflow for estimated pre-development conditions-
the MS-19 standard.  Despite meeting state law, the pond at Longhill Grove could still fail to 
achieve true pre-development peak outflows for the 2yr, 24hr rainfall depth, since the land-uses 
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considered to be pre-development in this design differ little from the post-development land 
use—which include far more impervious surfaces than one would find in an undisturbed site. 
Field Peak Inflows 
 As mentioned in the study methods, calculations of centroid lags and runoff coefficients 
from field data relied on inflow hydrographs obtained from measured outflows and measured 
pond storage through time.  While no regulations exists for pond inflows, the relationship 
between field measured pond inflows and predictions of these values in plans provides important 
information about the cause of pond outflow performance with respect to other metrics. 
 Mulberry Place.  It is again significant that peak inflows in 2007 and 2008 above the 2yr, 
24hr total rainfall depth extended over more than 24 hours (Figure 24).  This means that peak 
inflows from these storms were smaller than one would expect of a 24 hour or less storm >2yr, 
24hr rainfall.  Though no 24 hours storms greater than the 1yr, 24hr storms were measured, one 
can estimate the peak inflow likely for a larger total rainfall depth 24 hr storm by examining the 
trend in peak inflow data below the 1yr, 24 hours rainfall depth (Figure 46).  In this data, peak 
inflows generally increased up to the 1yr, 24 hr rainfall depth.  Four storms from 2007 and 2008 
below the 1yr, 24hr depth exceeded the predicted inflow by a significant margin.  With a 2yr, 
24hr storm, exhibiting half an inch higher rainfall depth in 24 hours, it is likely based on this 
trend that the pond will produce peak inflows higher than predicted in plans. 
 Longhill Grove.   As with Mulberry Place, peak inflows from 2008 above the 2yr, 24hr 
rainfall depth extended over more than 24 hours.  These peak inflows were smaller than one 
would expect of a 24 hour or less storm >2yr, 24hr rainfall.  To get an idea of the size of peak 
inflows from a 2yr, 24hr storm, consider trends in the peak inflows for smaller 24 hr storms 
(Figure 47).  According to the general trend apparent in this data, it is unlikely that 2yr, 24hr 
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inflows from Longhill Grove would exceed the predicted inflow for this size storm.  Pond 
designs may under-predict this value.  
Field Centroid Lags 
 From outflow and inflow hydrographs measured in the field, centroid lag times—the time 
between pond inflow center of mass and pond outflow center of mass—were measured at both 
sites.  These field centroid lag times are significant because local regulation requires 24 retention 
of the 1yr, 24 hour storm—a stricter standard than the MS-19 regulation discussed earlier.  In 
order to meet this requirement, pond designs must estimate the lag time for design storms and 
include this in as-built plans.   Designs for both Longhill Grove and Mulberry Place state that 
24+ hour lag times were achieved for the 2yr, 24hr storm. 
 Mulberry Place.  As mentioned in results, centroid lag times measured in the field at 
Mulberry Place during 2007 and 2008 were consistently below the 24 hour centroid lag retention 
specified in plans and required by local laws.  These centroid lag times displayed a minor 
decreasing trend with rainfall depth up to the 1yr, 24 hour storm (Figure 48).  The lowest 
centroid lag times were below 3 hours and occurred during three storms between 2.25 inches and 
the 1yr, 24 hr rainfall depth of 2.72.”  Only one storm in two years of data displayed a centroid 
lag time equaling or exceeding 24 hr retention.  Considering these results, it is almost certain that 
designs would significantly overestimate the centroid lag time of the 1yr, 24hr storm.   
Longhill Grove.   All measured centroid lag times for Longhill Grove pond during 2007 
for storms below the 1yr, 24 hour storm rainfall depth during 2007 and 2008 fell below 24 hours 
(Figure 49).  These centroid lag times displayed virtually no trend with rainfall depth because of 
significant scatter in results.  The scatter in this data is likely due to, in part, to significant trash 
deposited in and around Longhill Grove. This trash was observed clogging the 4” orifice on three 
occasions, and likely impacted other storm outflows.  During such occurrences, flows through 
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this outflow device were likely reduced by 50% or more, slowing outflows and increasing lag 
times (Figure 27).  However, all lag times were less than the 24 hour retention predicted in plans 
and required by local regulation.  Also, the one storm closest to the 1yr, 24hr storm displayed 
one of the lowest retention times, with a centroid lag less than 5 hours.  This suggests that the 
centroid lag time of the one year, twenty-four hour storm at Longhill Grove, like Mulberry Place, 
would fall well below 24 hours. 
Field Runoff Constants 
One important metric for helping to understand the aforementioned characteristics in 
pond inflows and outflows is the runoff constant for each pond.  As discussed in the introduction, 
these runoff constants in both the rational and SCS system essentially represent the difference 
between rainfall amount and subsequent watershed surface runoff.  The runoff coefficient 
measured for Mulberry Place is similar to the rational runoff coefficient and represents a simple 
ratio of surface runoff to rainfall.  The SCS curve number measured at Longhill Grove is back 
calculated through the effective rainfall relationship discussed in methods, but also corresponds 
generally to the fraction of rainfall converted to runoff during a storm event. 
Mulberry Place. Centroid lag times at Mulberry Place for storms below the one year, 
twenty-four hour rainfall depth showed an increasing trend with increasing rainfall depth (Figure 
50).  Lag times below 2 inches displayed runoff coefficients below the predicted runoff 
coefficient in plans.  However, the four storms between 2 inches and the 1yr, 24 hour rainfall 
depth of 2.72” displayed runoff coefficients between .1 and .3 higher than the runoff coefficient 
listed in as-built plans.   This, combined with the trend, indicate that the runoff coefficient at the 
1yr, 24 hour rainfall depth is likely above the predicted value in as-built plans.  
Longhill Grove.  Curve numbers back calculated for the 2007 data below the 1yr, 24hr 
storm all fell above the as-built curve number estimate of 82 (Figure 51).  This data, however, 
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displayed a general decreasing trend with a significant amount of scatter.  The general trend 
seems consistent with the idea of CN asymptotically approaching the CN value estimated for 
design storms.  This data could very well fall above the 82 curve number predicted in plans.  
However, this predicted CN is likely close enough to the predicted value that the scatter in this 
data makes more concrete statements difficult.  It is safer to assume that storms at the 1yr, 24hr 
rainfall depth display a range of curve numbers around the design 82 CN. 
Design Uncertainties 
Differences described here between design predictions and field measured peak outflows, 
peak inflows, centroid lags, and runoff coefficients are likely due, in part, to problems within the 
design process.  Based on review of the designs for Mulberry Place and Longhill Grove, and 
computer modeling of potential sources of uncertainty, these problems are primarily runoff curve 
numbers and coefficients, orifice sizing methodologies, and pond volumes. 
Runoff curve numbers and coefficients  
One significant problem contributing to pond field performance failures is uncertainty 
associated curve numbers and runoff coefficients. One source of this uncertainty is relying on 
regional soil mapping instead of more site-specific estimates of soil type and infiltration 
capacity.  For example, soils in the Longhill and Mulberry subdivision appear to have been 
classified using NRCS/SCS soil mapping of the area prior to development.  This is a standard 
strategy.  However, compacting of soil during grading, or other land use changes, may have 
changed the infiltration capacity of these soils.  The NRCS also acknowledges that soil map units 
vary in infiltrative capacity between areas (SCS, 1985).  
Land-cover classifications of this subdivision also pose a source of uncertainty.  For 
example, designs assumed that all surfaces would be maintained in their best conditions.  
However, many areas of the subdivision show evidence of natural degrading consistent with 
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human use and associated surface runoff—such as degraded grass cover and mulch beds (Figure 
52).  Also, surfaces such as playgrounds have several recommended curve number and runoff 
coefficient values on standard design tables.  
This potential uncertainty in runoff coefficients is important because computer modeling 
results suggest that even small variation in runoff constants and coefficients translate into 
watershed hydrographs that vary significantly (Figure 31-34). The effect of such variation can be 
seen in predictions of the highest peak inflows for Mulberry Place pond for storms between 2.0 
inches and 2.72 inches.  As field measured runoff coefficients increased, so did measured 
watershed peak inflows (Figure 53).   Consistent with this trend, storms below the 1yr, 24hr rain 
depth with peak inflows above 1yr, 24hr rain depth predicted in plans had under-predicted runoff 
coefficients in as-built plans (Figure 53).  As discussed earlier, Longhill Grove designs appear 
more likely to have predicted the correct curve number for the 1 yr design storm, and therefore 
the relationship between rainfall and runoff (Figure 51).  This may explain why field measured 
peak inflows for Longhill Grove were much lower than Mulberry Place relative to predictions of 
design storm peak inflows (Figure 47). 
In computer models of both ponds, variation in peak inflows associated with reasonable 
changes of curve numbers and runoff coefficients also created even greater variation in pond 
outflow, particularly in the one-year and two-year design storms.  This was a result of the 
vertical spacing of retention pond outflows (Figure 54).  Flows for lower frequency, higher 
intensity rainfall storms engaged both the modeled water quality orifice and the large standpipe 
that subsequently pushed a large percent of these flows downstream as quickly as possible.   
 In order to make the smallest, most economical pond volume possible, the standpipe is 
typically located exactly at the highest pond surface elevation predicted to occur during the two-
year storm routed through the smaller water-quality orifice.  Accordingly, if the natural pond 
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inflow for the design storm is under-predicted through error such as curve numbers, or if orifices 
are not spaced adequately, natural inflows have the potential to engage the standpipe, creating 
peak outflows orders of magnitude above design intentions.  For example, this was measured at 
both sites for the storm on day 67 (Figure 55).  This also account for the high peak outflows of 
the other high peak inflow storms at Mulberry Place between 2 and 2.72 inches (Figure 44).   
Orifice Sizing 
Another problem area in pond designs contributing to poor field performance of retention 
ponds is a flaw in the method of sizing pond orifices for 24-hour retention of the 1hr, 24hr storm, 
described by Holley (2008).  A minor note in James City County regulation permits a “kerplunk 
method” for sizing these orifices, intended to simplify the design process.  This method assumes 
that the inflow for a design storm arrives into the retention basin instantaneously.  From this 
pond volume, the orifice is sized for a 24-hour draw down (Figure 56A).  However, this method 
does not actually size the orifice for centroid lag times of 24 hours.  It sizes the orifice instead to 
produce 12 hour centroid lag times (Figure 56A).  Furthermore, the varying geometries of actual 
storm events likely reduce this centroid lag time further (Figure 56B). 
This effect of sizing with this method helps explain field results from both Mulberry 
Place and Longhill Grove (Figure 22, 23, and 25).  As mentioned previously, almost all field 
measured centroid lag times below the 1yr, 24hr storm fell well below 24 hour retention.  In 
Mulberry Place, where orifice blockages did not contribute as significantly to scatter in centroid 
lags, the majority of lag times fell below 10 hours.  Tends in the data for these smaller storms 
suggest that the centroid lag time of the 1yr, 24hr storms would also fall well below the required 
24 hour centroid lag time (Figure 48 and Figure 49). 
Pond Sizing 
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A third problem with pond designs contributing to field performance at both Longhill 
Grove and Mulberry Place is under-prediction of pond volumes.  Standard design procedures in 
documents like the Virginia Stormwater Management Handbook  (1999) emphasize the 
importance of pond routings for indicating the size of pond volumes and outflow orifices needed 
to meet outflow goals.  For ponds with low predicted centroid lag times and high peak outflows, 
one effective strategy for mitigating these problems is increasing pond volume.   
In support of this, computer models replicating the Mulberry and Longhill ponds were  
brought into line with designs in terms of both peak flow (Figure 38 and 39)  and centroid lag 
times (Figure 36 and 37) by increasing pond volume by 2.5 and 2.0 times, respectively, while 
keeping depth constant.  At larger pond volumes, the variation between peak outflows created 
with high and low curve numbers and coefficients diminished significantly (Figure 38 and 39). 
Finally, modeling data shows how larger pond volumes have the potential to reduce peak 
discharges from actual storms below the 1yr, 24 hr rainfall depth at both sites that would 
otherwise exhibit peak outflows above design predictions (Figure 42 and 43). 
These results make sense from a hydrologic perspective.  Increasing the volume of water 
stored at each pond surface area decreases the hydraulic head above the primary orifice for 
storms not engaging the standpipe.  This decreased head (“h”) reduces discharge in pond orifices 
as described by the orifice equations (eq.6).  It also increases the amount of water required to 
move pond surface elevation to levels where the standpipe is engaged.  Since water can pass 
through the standpipe faster and in larger quantities, by not engaging this structure, both peak 
flows and centroid lag times are reduced. 
Conclusions 
Field data suggest that the retention ponds at Mulberry Place and Longhill Grove 
subdivisions do not perform in the field as designed or as required by local and state regulation.  
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During 2007 and 2008 Mulberry Place pond exhibited peak outflows greater than predicted 10 
and 100 yr pond peak outflows for storms below the 1 yr, 24 hr rainfall depth.  The peak outflow 
trend for storms below the 1yr, 24 hr rainfall depth indicates that Mulberry Place likely exceeds 
both design predictions and estimated pre-development peak discharge for the 2yr, 24hr storm.  
Data also suggests that Mulberry Place pond likely fails to retain the 1 yr, 24 hr storm for 24 
hours.  Taken together, this means that Mulberry Place pond, in the field, does not appear to 
achieve both major standards regulating pond outflows—the statewide MS-19 standard and the 
stricter James City County standard of 24 hour retention of the 1yr, 24hr storm.  Contributing to 
this performance, Mulberry Place designs under-predicted peak inflows and over-predicted 
runoff coefficients.   
Data from Longhill Grove pond in 2007 show peak outflows for storms below the 1yr, 24 
rainfall that exceed design predictions.  These outflows were greater than the 2yr, 24 hour 
predicted pond peak outflow but did not exceed the estimated pre-development watershed peak 
outflow for the 2yr, 24  hr storm.   Centroid lag times for this pond consistently fell significantly 
below 24 hr retention. Trends in storms below the 1yr, 24hr rainfall suggest that Longhill Grove 
would not achieve 24 hour retention of the 1yr, 24hr rainfall.  This data suggest that Longhill 
Grove likely performs in accordance with the statewide MS-19 standard but fails to meet the 
stricter local regulation that takes precedence over this state standard.  Interestingly, field data 
suggests that Longhill designs either correctly predicted or underestimated peak inflows and 
correctly or over estimated curve numbers. 
From analysis of the design process, coupled with computer modeling, the differences 
between design estimates and field performance come from three major sources: 1) runoff 
coefficients and curve numbers; 2) flawed “kerplunk” method sizing of primary outflow orifices 
for 24 drawdown, and 3) underestimation of required pond volumes.  
54 
  The most important source of inaccurate inflow predictions at Mulberry Place pond and 
to a lesser extent Longhill Grove appears to be uncertainty associated with curve numbers and 
runoff coefficients.  This uncertainty results from the inaccuracy inherent in verbal 
classifications of land use and soil classification from regional soil maps.  Small variation 
between predicted and actual curve numbers and runoff coefficients can result in variation 
between predicted and actual inflows of 50% or more and variation between predicted and actual 
outflows of 14 times or more.  
The most significant source of error in centroid lag times at Longhill Grove and Mulberry 
Place comes from flawed orifice sizing associated with the “kerplunk” method.  This method 
assumes a full pond at the start of storm events and thus over-predicts the centroid lag of orifice 
outflows by 12 hours or more.  This flawed orifice sizing is likely responsible for failures to meet 
local regulation requiring 24 retention of the 1 yr, 24 hr storm. 
Both a problem in pond designs and a possible solution to these issues, pond volumes at 
each site are underestimated.  Computer modeling suggests that pond volumes 2 to 2.5 times 
larger than as-built conditions with the same pond inflow would eliminate most variation in peak 
outflows resulting from curve numbers and runoff coefficients.  This increase in volume would 
also increase centroid lag times to 24 hours and reduce peak outflows for the 2yr storm so that 
they meet regulation and design intention. 
Beyond problems with design, retention pond performance suffer from the accumulation 
of trash in pond waters and failure to upkeep the soils and vegetation of pond drainage basins.  
Trash clogs outflow orifices, changing the performance of outflow structures.  Failure to upkeep 
the land-cover within drainage basins renders design predictions of surface runoff inaccurate and 
may reduce the effectiveness of ponds. 
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Considering these findings, several improvements to the design process are needed: First 
of all, with respect to curve numbers and runoff coefficients, pond designers should select curve 
numbers and runoff coefficients more conservatively.  If surface runoff into a retention pond is 
over-predicted, ponds will still meet design intentions and local and state regulation. Under-
predicting surface runoff, however, can lead to ponds that fail to meet regulation and design 
intentions by significant margins.  Regulators should provide the support necessary to help pond 
engineers more accurately predict local land use and soil characteristics.  For example, local 
government could assist designers by developing tables for curve numbers and coefficients based 
empirically on the local runoff characteristics of soils.  In addition to this support, regulators 
should insist that pond designs clearly document coefficients and, more importantly, justification 
for these values.  This justification should be more than the presence of these values in one of 
many generalized tables of recommended values that have varying degrees of utility for local 
watersheds.   
Secondly, the “kerplunk” method should be removed from local regulation or amended 
so that designers must compliment this calculation with more rigorous routing procedures.  This 
method has likely provided confusion for many local pond designers and resulted in ponds across 
the region that fail to comply with local laws.  Until this item is amended in local pond 
construction recommendations, engineers should take steps to carefully size orifices and pond 
volumes using computer routings.  Finally, pond designers should be required to submit detailed 
evidence that pond designs meet the centroid lag requirement.  Simple statement of lag times is 
not sufficient.  More proper evidence would be full cumulative hydrographs of estimated pond 
inflows and outflows, graphically and numerically presented, with centroid lag times clearly 
indicated between inflow and outflow curves.  Beyond the design process, a more effective pond 
maintenance and upkeep strategy should be developed for local retention ponds.  Trash 
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accumulating in James City County ponds likely changes the function of ponds that would 
otherwise function in accordance with regulation and pond design goals.  
Finally, pond designers should consider making pond volumes larger.  By increasing the 
volume of retention ponds, designers can reduce the effects of uncertainty inherent in current 
inflow estimates and account for errors in design strategies like the “kerplunk” method.  This 
volume increase should be considered in relation to inflows and does not necessarily have to be 
accomplished by creating massive single retention ponds. Draining smaller sub-catchments into 
multiple ponds would serve much the same purpose.  Reducing the inflows from existing pond 
catchments would likely provide some of the same effects.  This latter strategy could be achieved 
through a number of increasingly popular technologies that reduce surface runoff in developed 
areas, including pervious concretes and green roofs.  
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Figure 1:  Impervious surfaces and deforestation increase surface runoff peak discharges and 
decrease the lag time between rainfall and stream flows.  This graph illustrates peak inflow and 
lag time for a typical pre-development watershed (blue) and peak outflow for the same watershed 
post-development (red).  Rainfall is shown in black.  
 
Figure 2:  Illustration of centroid lag times compared to other common measures of lag time. 
Lag time (centroid lag), illustrated here, is the time interval between the center of mass of the 
storm precipitation and the center of mass of the resulting hydrograph (Holley, 2007) 
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Figure 3:  Typical layout of a wet detention pond (EPA, 1999) 
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Figure 4:  Bottom: Rational C are taken from a typical rational C recommendation chart for 
suburban development from (McCuen, 2001),  Top: rainfall intensity is taken from an IDF 
regional chart.  These values are used with the size of the study watershed to determine peak 
discharge. 
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Figure 5: Typical rational runoff hydrograph (McCuen, 1989) 
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(Equations 4 and 6) 
Figure 6: The SCS system uses curve numbers and storm intensities taken from regional total 
rainfall tables to predict effective discharge from a watershed. A unit hydrograph is used to 
predict the geometry of watershed storm response, and then this hydrograph is scaled by the 
effective discharge. 
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Figure 7: This figure from Fennessey and Hawkins (2002a) shows the rainfall to runoff 
distribution for 33 years of data for a small 19.2 acre watershed in Watkinsville, Georgia. The 
AMC lines shown are based on the watershed’s field-determined CN.  The significant scatter 
suggests that AMC values may not accurately model natural soil moisture conditions. 
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Figure 8: Pond outflow at Mulberry Place from June 2004 through March 2005 exceeds the 2 
year, 24 hour outflow multiple times (Popkin, 2005) 
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Figure 9: Pond outflow at Mulberry Place from June 2004 through March 2005 exceeds the 25 
year, 24 hour outflow multiple times (Popkin, 2005) 
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Figure 10: Longhill Grove and Mulberry Place retention ponds are spaced approximately five 
hundred meters apart and flow into the same alluvial stream. Photographs of Mulberry Place and 
Longhill Grove residential land-use:  top right, “welcome to Mulberry Place” and  “a place to 
call home,” (MPHOA, 2006) bottom: various views of Longhill Grove (MPHOA, 2006) 
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Figure 11:  The extended detention basin at Mulberry Place has a heavily vegetated margin.  
The surface of the pond typically exhibits extensive algal growth.  A tipping bucket rain gauge 
(not pictured), staff gauge (left) and a pressure transducer with data logger (right) have been in 
place at this site since 2005.  
 
Figure 12:  Field equipment set up schematic (from Holley, 2008) 
 
 
 
71 
Figure 13: The detention basin at Longhill Grove (right), unlike Mulberry Place, has little 
surrounding vegetation.  A staff gauge and a pressure transducer with datalogger (left) have been 
in place since 2007 at this site. 
 
 
 
 
Figure 14:  The following process was used to calculate pond outflows, inflows, and other 
derivative metrics from raw pressure transducer data. 
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Figure 15:  Graph of stage versus outflow for Mulberry Place (above) and Longhill Grove 
(below) created from tables relating these variables in as-built plans. 
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Figure 16:  Graph of stage versus storage for Mulbery Place (above) and Longhill Grove 
(below) created from tables relating these variables in as-built plans. 
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 Figure 17:  HydroCAD pond node flow chart for the Longhill Grove study model, where 
rainfall and catchment node generate a pond inflow hydrograph, and HydroCAD’s storage-
indication method determines routing into and out of the pond. 
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Figure 18:  Rational runoff coefficients chosen for modeling experiments 
 
Design C 
Rational Method Land Use Classification and Acreage C 
Residential Lots (10.47 acres) C=.4 
Right of Way (3.46 cares) C=.72 
Open Space (5.74 acres) C=.25 
Recreation Area (1.210 acres) C=.30 
Not Pervious (.2 acres) C=.9 
 
High C 
Rational Method Land Use Classification and Acreage C 
Residential Lots (10.47 acres) C=.5   
Right of Way (3.46 acres) C=.9 
Open Space (5.74 acres) C=.3 
Recreation Area (1.210 acres) C=.30 
Not Pervious (.2 acres) C=.90 
 
Low C 
Rational Method Land Use Classification and Acreage C 
Residential Lots (10.47 acres) C=.25 
Right of Way (3.46 acres) C=.7 
Open Space (5.74 acres) C=.1 
Recreation Area (1.210 acres) C=.2 
Not Pervious (.2 acres) C=.9 
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 Figure 19:  Curve numbers chosen for modeling experiments  
 
Design CN 
Site map ID, SCS Soil type,  land use classification, and acreage CN 
18B Kempsville FSL, B, brush (.31 acres) CN=48 
18B Kempsville FSL, B, paved/building (.23 acres) CN=98 
14/15D Emporia, C, grass (3.12 acres) CN=74 
14B/15D Emporia, C, grass (0.70 acres) CN=98 
29B Slagle, C, grass (1.98 acres) CN=74 
29B Slagle, C, paved (1.32 acres) CN=98 
11C Craven, C, grass/brush (4.54 acres) 70 
11C Craven, C, paved/buildings 98 
 
High CN 
Site map ID, SCS Soil type,  land use classification, and acreage CN 
18B Kempsville FSL, B, brush (.31 acres) CN=67 
18B Kempsville FSL, B, paved/building (.23 acres) CN=98 
14/15D Emporia, C, grass (3.12 acres) CN=79 
14B/15D Emporia, C, grass (0.70 acres) CN=98 
29B Slagle, C, grass (1.98 acres) CN=79 
29B Slagle, C, paved (1.32 acres) CN=98 
11C Craven, C, grass/brush (4.54 acres) CN=77 
11C Craven, C, paved/buildings CN=98 
 
Low CN 
Site map ID, SCS Soil type,  land use classification, and acreage CN 
18B Kempsville FSL, B, brush (.31 acres) CN=48 
18B Kempsville FSL, B, paved/building (.23 acres) CN=98 
14/15D Emporia, C, grass (3.12 acres) CN=74 
14B/15D Emporia, C, grass (0.70 acres) CN=98 
29B Slagle, C, grass (1.98 acres) CN=74 
29B Slagle, C, paved (1.32 acres) CN=98 
11C Craven, C, grass/brush (4.54 acres) CN=65 
11C Craven, C, paved/buildings CN=98 
 
Figure 20:  Manning’s n values used in computer modeling experiments. 
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Design N 
Site map ID, SCS Soil type,  land use classification, and acreage N 
Surface .050 
Channel .013 
Resultant Tc (minutes) 5.8 
 
 
High N 
Site map ID, SCS Soil type,  land use classification, and acreage N 
Surface .055 
Channel .0143 
Resultant Tc (minutes) 6.0  
 
Low N 
Site map ID, SCS Soil type,  land use classification, and acreage N 
Surface .045 
Channel .0117 
Resultant Tc (minutes) 5.6 
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Figure 21:  Pond volumes increased laterally by a multiplier applied to each surface area. Depth 
remained constant. 
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Figure 22: Field results from Mulberry Place, collected in 2007.  Vertical lines represent the 
rainfall depth of the 1yr, 2yr, 10yr, and 100 yr storm. Horizontal lines represent the 100yr, 10yr, 
2yr, and 1yr design peak flows predicted in pans. Circles represent events measured as a single 
unit with multiple small peaks over 24 hours. 
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Figure 23: Field results from Mulberry Place, collected in 2008.  Vertical lines represent the 
rainfall depth of the 1yr, 2yr, 10yr, and 100 yr storm. Horizontal lines represent the 10yr, 2yr, 
and 1yr design peak flows predicted in pans.  Circles highlight storms with large total volumes 
that contain multiple small peaks over more than 24 hours. 
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Figure 24:  Field hydrographs from Mulberry Place of a large event with total rainfall above the 
1yr, 24 hour depth, distributed over more than 24 hours in many small peaks (Julian Day 111, 
2008).  This event was considered as a single event in calculations rather than a series of storms, 
since calculations of metrics for individual peaks was complicated by the short times between 
rainfall peaks. 
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Figure 25: Field results from Longhill Grove, collected in 2008.  Blue vertical lines represent 
the rainfall depth of the 1yr, 2yr, 10yr, and 100 yr storm. Red horizontal lines represent the 2yr, 
and 1yr design peak flows predicted in pans.  Black circles mark events measured with large 
total volumes that contained multiple small peaks over more than 24 hours. 
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Figure 26:  Graph of salt concentration versus time from one measurement at Longhill Grove, 
with calculations of discharge based on the salt dilution technique. 
 
 
 
Figure 27:  At Longhill Grove, trash in and around the pond was observed to clog the 4” outflow 
orifice on several occasions, likely reducing outflows by more than 50%. 
 
   
 
4” Orifice 
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Figure 28: Field hydrographs of a typical large storm event from Longhill Grove with total 
rainfall above the 1yr, 24 hour depth, but distributed over more than 24 hours in many small 
peaks (Julian Day 111, 2008)  
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Figure 29: Mulberry HydroCAD model validation graphs fpr 1yr (upper left), 2yr (upper right), 
10yr(lower left), and 100yr(lower right) storms.  Visually comparing peak outflows and lag 
times assisted in determining whether design models were accurately replicated. 
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Figure 30: Longhill HydroCAD model validation curves at 1yr (upper left), 2yr (upper right), 
10yr(lower left), and 100yr(lower right) storms.  Visually comparing peak outflows and lag 
times assisted in determining whether design models were accurately replicated.  Extra time was 
spent double checking values from designs include in the Longhill study model, and the graphs 
below represent the resulting hydrographs.     
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Figure 31: Hydrographs from 1yr and 2yr storms with design, high, and low runoff coefficients.  
Notice the significant variation in inflows nearing 50% variation between high and low C and 
even greater variation in outflows. 
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Figure 32: Hydrographs from 10yr and 100yr storms at Mulberry Place with design, high, and 
low runoff coefficients.  Notice the significant variation in inflows nearing 50% variation 
between high and low C and even greater variation in outflows. 
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Figure 33: Hydrographs from 1yr and 2yr storms at Longhill Grove with design, high, and low 
runoff coefficients.  Notice the significant variation in inflows nearing 25% variation between 
high and low C and even variation in outflows, with higher variation in outflows with the 2yr 
storm. 
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Figure 34: Hydrographs from 100yr and 200yr storms at Longhill Grove with design, high, and 
low runoff coefficients.  Notice the significant variation in inflows nearing 25% variation 
between high and low C and even variation in outflows, with higher variation in outflows with 
the 2yr storm. 
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Figure 35: Hydrograph from the 2yr, 24 hour storms at Longhill Grove with design, high, and 
low manning’s n  estimates.  10%-20% changes in manning’s n values produced little variation 
in inflows and outflows. 
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Figure 36:  Increasing the pond size of the Mulberry HydroCAD model pond by 2.5 times 
increased centroid lag times for 1yr, 24hr and 2yr, 24hr design storms.  This larger volume 
produced centroid lag times equaling or exceeding 24 hours for the 1yr, 24 hr design C storm, 
high C storm, and 2yr, 24hr high C storm, design C storm. 
  
0
5
10
15
20
25
30
1y
r,
 
1x
, 
Hi
gh
1y
r,
 
1x
, 
De
si
gn
1y
r,
 
1x
, 
Lo
w
1y
r,
 
2.
5x
, 
Hi
gh
1y
r,
 
2.
5x
, 
De
si
gn
1y
r,
 
2.
5,
 
Lo
w
2y
r,
 
1x
, 
Hi
gh
2y
r,
 
1x
, 
De
si
gn
2y
r,
 
1x
, 
Lo
w
2y
r,
 
2.
5x
, 
Hi
gh
2y
r,
 
2.
5x
, 
De
si
gn
2y
r,
 
2.
5x
, 
Lo
w
Mulberry Place HydroCAD model centroid lag times for
various pond sizes, storm sizes (by rainfall depth),
and runoff coefficients
Centroid Lag
Ce
n
tro
id
 
La
g 
(ho
u
rs
)
Pond Size and Storm Size, C value
24 hour retention
12 hour "kerplunk" retention
 
 
95 
Figure 37:  Increasing the pond size of the Longhill HydroCAD model pond by 2.5 times 
increased centroid lag times for 1yr, 24hr and 2yr, 24hr design storms.  This larger volume 
produced centroid lag times equaling or exceeding 24 hours for the 1yr, 24 hr design C storm, 
high C storm, and 2yr, 24hr high C storm, design C storm. 
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Figure 38:  Increasing the volume of Mulberry Place pond by 2.5x significantly reduced the 
variation in the 1yr, 24hr peak outflow caused by varying C. 
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Figure 39:  Increasing the volume of Mulberry Place pond by 2.5x significantly reduced the 
variation in the 2yr, 24hr peak outflow caused by varying C. 
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Figure 40:  Increasing the volume of Longhill Grove pond by 2x significantly reduced the 
variation in the 1yr, 24hr peak outflow caused by varying CN. 
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Figure 41: Increasing the volume of Longhill Grove pond by 2x significantly reduced the 
variation in the 2yr, 24hr peak outflow caused by varying CN. 
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Figure 42:  Field hydrograph from day 67 of 2008 routed through study model at 1 and 2.5 times 
the design pond volume.  At the pond volume necessary to retain the 1yr, 24hr storm by 24 
hours, peak outflows for storms below the 1yr, 24hr rainfall depth would fall below 1yr, 24 
predicted outflow levels—achieving the design predictions for this pond. 
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Figure 43: Field hydrograph from day 67 of 2008 routed through study model at 1 and 2.5 times 
the design pond volume.  At the pond volume necessary to retain the 1yr, 24hr storm by 24 
hours, peak outflows for storms below the 1yr, 24hr rainfall depth would fall below 1yr, 24 
predicted outflow levels—achieving the design predictions for this pond. 
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Figure 44:  As storms approached the 1yr, 24 hour rainfall depth, peak outflows at Mulberry 
Place exceeded 10 and 100yr pond outflow predictions and exceeded 2yr, 24 hour pre-
development outflow estimates.   
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Figure 45:  As storms approached the 1yr, 24 hour rainfall depth, peak outflows at Mulberry 
Place exceeded 10 and 100yr pond outflow predictions and almost exceeded 2yr, 24 hour pre-
development outflow estimates. 
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Figure 46:  At Mulberry Place, field measured peak inflows increased as they approached the 
1yr, 24hr rainfall depth, exceeding1yr, 2yr, and 10yr predicted inflows.  This suggests that for 
the larger 2yr, 24 hr storm, the pond will have peak inflows much higher than design estimates. 
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Figure 47: At Longhill Grove, field measured peak inflows increased as they approached the 
1yr, 24hr rainfall depth, but not exceeding the 1yr, 24hr predicted inflow from plans.  This 
suggests that for the larger 2yr, 24 hr storm, the pond will have lower peak inflows than 
estimated in plans. 
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Figure 48:  Nearly all measured centroid lag times for storms below the 1yr, 24 hour rainfall 
during 2007 and 2008 fell below 24 hours.  These times displayed a minor decreasing trend with 
increasing rainfall depth, suggesting that the centroid lag time of the one year, twenty-four hours 
storm for this pond would fall well below 24 hours. 
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Figure 49:  Centroid lag times displayed for Longhill Grove displayed virtually no trend with 
rainfall depth because of significant scatter in results.  However, all lag times fell below 24 hour 
retention.  This suggests that the lag time of the one year, twenty-four hours storm would also 
fall well below 24 hours. 
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Figure 50:  At Mulberry Place pond, storms with rainfall depths below the 1yr, 24 hour storm 
generally showed higher runoff coefficients at higher total depths of rainfall.  This suggests that 
the runoff coefficient for storms measured at the 1yr, 24 hour rainfall depth of 2.72” would 
display a coefficient above the one predicted in plans. 
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Figure 51:  At Longhill Grove, back calculated curve numbers generally fell above the as-built 
curve number estimate of 82.0.  However, they exhibited the general downward trend with 
logarithmic behavior typical of CN back-calculated from a watershed, as described in Hawkins 
(1993) and the introduction. These values begin to approach a curve number for the watershed as 
they near the 1yr, 24hr design storm.  
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Figure 52: Sampling of various degraded surfaces from the Longhill Grove and Mulberry Place 
pond drainage basins. Clockwise from upper left: Longhill mulch bed washed out by surface 
runoff, Longhill pervious sidewalk obviously washing out from surface runoff,  Longhill soil 
with little living grass cover, and Mulberry eroded soil uphill of retention pond with virtually no 
grass or leaf litter. 
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Figure 53:  Peak inflows from Mulberry Place pond in 2007 and 2008 increased as field 
measured runoff coefficients increased.  Peak inflows that exceeded design predictions 
significantly also displayed the highest field measured C values  
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Figure 54:  The portion of the outflow hydrograph in modeling experiments with varying peak 
discharge represents the portion of the pond outflows routed through the larger standpipe.  The 
total pond outflow represents these flows plus the smaller volume of water able flowing from the 
smaller standpipe.     
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Figure 55:  Example from day 67, 2008, showing how peak inflows can engage the stand pipe 
(see figure D-14), creating flows above design predictions.  This storm had a rainfall depth of 
around 2.35 inches.  At Mulberry Place the storm had a peak inflow exceeding the 18.7 cfs 
predicted peak inflow.  At Longhill, the storm had a peak inflow just above 20 cfs, the highest 
recorded inflow, but still below predicted 1yr, 24hr inflow. 
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Figure 56:  Schematic of orifice sizing flaw from Holley (2008).  (A) shows the 12 hour centroid 
lag time created by sizing an orifice by the kerplunk method.  (B) shows the difference in 
centroid lag time between modeled cumulative flows and actual cumulative flows. 
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Figure D-17:   
 
APPENDIX I:  Table from McCuen (2005) consulted for curve number experiments 
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APPENDIX II: Table from McCuen (1999, 2005) consulted for Runoff C values 
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Appendix III:  Table from McCuen (1989) used to calculate manning’s n values. 
 
 
 
 
